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Chapter 1              Introduction 
 Recent years have seen an increased activity in the study of nitrides [1] 
as a subject of considerable experimental and theoretical interest concerning 
their physical properties [2, 3] and to explore their potential for possible 
applications.  
 Most nitrides are synthetically challenging (except few) thus, requiring 
specialized techniques and manoeuvrings for their preparation. This has 
hindered the progress of this field to a great extent. However, new methods of 
nitride preparation have provided many novel nitride compounds with 
interesting structures and properties [2 - 4] which in turn gave rise to an 
improved classification of nitride compounds [1, 5 – 7].  
 The dominant factor in the nitride chemistry is the thermodynamics of 
the strong N ≡ N triple bond. While it takes 941 kJ/mol to break a N2 
molecule, only 500 kJ/mol are required to break up an O2 molecule that 
means at the cost of this energy nitrides are formed which in turn decreases 
the free energy of formation of nitrides compared to either oxides, sulphides, 
etc. The low free energy tends to increase the entropy of the free gas and thus, 
decomposition is observed on heating nitrides due to loss of N2. Also, apart 
from the large electronegativity of nitrogen (3.0), ionic bonding contribution 
towards the stabilisation of nitrides is rather small; due to the high energy 
requirement for the formation of N3-  (+2300 kJ/mol) [6] in comparison to O2-  
(+700 kJ/mol) [6] or S2- (+331 kJ/mol) [6] from their respective atomic states. 
Therefore nitrides are thermodynamically less stable compared to, for 
example, oxides or sulphides. Additionally, their synthesis is not straight 
forward, high temperatures are often required for crossing the thermodynamic 
activation barrier while, at such temperatures metal – nitrogen ratio decreases 
due to the weakening of metal – nitrogen bonds, which increases the metal 
content and reduces the nitrogen content. These factors lead to the chemistry 
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of nitrides being quite unique and unusual. However, little is known about the 
thermodynamics of ternary and higher nitrides and thus, the above mentioned 
thermodynamic description is mostly valid for the binary nitrides. High 
temperature solution calorimetry [8, 9], which had been proven useful in 
investigating the oxides, has been used to investigate the thermodynamics of 
some ternary nitrides [10 – 12]. The chemistry of nitridometalates also suffers 
from being sensitive to air and moisture thus, requiring their manipulation 
under inert atmosphere. This makes the investigation of physical properties a 
challenging task. 
 Among the known nitrides interesting properties have been observed 
from metallic [13 – 14], to the few being semiconductor and superconductor [15 – 
16]. Also, chemically they are already used for many technical applications, 
e.g. coatings, refractory and, semiconductors etc [15 – 16]. Transition metal 
nitrides have also been known to exhibit interesting magnetic properties [17]. 
 The structure and physical properties of ternary or higher nitrides are 
expected to be even more interesting. The main constituent of the ternary 
alkaline earth nitrides, studied in this work, is an electropositive element, 
alkaline – earth elements, acting as an electron donor, thus stabilizing the 
nitridometalate ion due to inductive effect [18]. In contrast to oxometalates and 
sulphides, only few nitridometalates have been reported [1]. The higher 
polarizability of nitride ions in contrast to oxides is supposed to influence the 
nature of chemical bond and thus result in potentially interesting physical 
properties. The structural features of most of the nitridometalate is mainly 
characterised by the formation of complex nitridometalate anions [M – Nx] n- 
and the oxidation state of the metal. A systematic classification is based on 
the correlation between coordination number and oxidation states of the 
transition metal and specific structural characteristics of the anionic partial 
structure [1].  
 Ternary nitridonickelates of lithium and alkaline earth metals have 
been investigated since the pioneering work of Juza et al in the late 1940’s. 
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Nitridonickelates exhibit unusual structures with nickel in exceptionally low 
oxidation states and always in linear coordination with nitrogen. The crystal 
chemistry of lithium nitridonickelates with α–Li3N type structure (Li2[Li1-
xNix]N) [20] has been substantially increased recently with Li[NiN] [21] and 
Li5[(Li1-xNix)N]3 [21 – 22], respectively. In the crystal structures of these 
compounds, as well as in Ca[(Li1-xNix)N] [23] and Li3Sr3[NiN]4 [24], linear one 
– dimensional infinite chains of [(Li,Ni)N2/2] are observed. Zig – zag chains 
with short Ni … Ni distances are observed in the crystal structures of Sr[NiN] 
[25], Ba[NiN] [26], helical chains in Ba2(Ba6N)[NiN]6 [27], and a two – 
dimensional arrangement in the crystal structure of Ba2[Ni3N2] [28]  and in the 
corresponding phase Ba2[Ni2(Li1-xNix)N2] [29]. 
 In my Ph.D. work, an emphasis is given to systematically investigate 
the structure–property relationship of the ternary alkaline earth 
nitridonickelates, which could set the path in the good understanding and 
better designing of the compounds for any potential application(s). During 
my Ph.D. work, importance was also given to obtain pure phase compounds 
and later on investigating them by different physical methods that is magnetic 
measurement, electrical resistivity measurements, X – ray absorption near 
edge structure (XANES), Thermogravimetry – Difference Thermal Analysis, 
X – ray single crystal and powder diffraction measurements, powder neutron 
diffraction, and finally theoretical calculations using linear muffin tin orbital 
(LMTO) approximation followed by full – potential local – orbital (FPLO) 
methods.  
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Chapter 2        Experimental Techniques  
2.1 Introductional Remarks  
Nitridonickelates are all sensitive to air and moisture, so are their 
starting materials. Therefore, all experimental preparations and sample 
handling were carried out in argon filled glove boxes using a modified 
Schlenk technique. Before transferring any new container into the glove box 
it was kept in an oven, depending on container material temperatures between 
353 K and 393 K for at least 12 hours. Antechamber operation was performed 
by either three rapid evacuations of at least two minutes each or one long 
evacuation of 30 – 60 minutes depending on the size of sample to be 
transferred. The gas quality of the glove box was controlled by monitoring 
the oxygen and water level in parts per million with the minimum threshold 
set at < 0.1 ppm for O2 and H2O. Argon excess pressure was set at least 2 
mbar.  
2.2 Materials and Chemicals Used, Sources, and 
 Quality 
Binary alkaline earth nitrides were used as starting materials along with 
very pure and very fine transition metal powders that were obtained readily 
from different commercial sources. Table 2.1 gives an overview of the 
chemicals / elements used  their sources, and purity. 
For the preparation of binary alkaline earth nitrides, the respective 
alkaline earth metals (calcium, strontium, and barium) were used as dendritic 
metal pieces. 
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 Table 2.1  Elements [30] and chemicals used, their sources and certified 
  purity 
Elements/ 
Chemicals 
Company Physical 
state 
Atomic weight  Packaging Quality 
Description 
 
 
 
Nitrogen 
(N) 
 
 
 
Messer-
Griesheim  
 
 
 
Colorless gas 
 
 
 
14.01 
 
 
 
Evaporated 
liquid nitrogen 
99.999 % 
additionally 
purified by 
passing over 
molecular sieve, 
Roth 3Å, and 
BTS catalyst 
obtained from 
Merck 
 
 
 
Argon 
(Ar) 
 
 
 
Messer-
Griesheim  
 
 
 
Colorless gas 
 
 
 
39.95 
 
 
 
Evaporated 
liquid argon 
99.999 % 
additionally 
purified by 
passing over 
molecular sieve, 
Roth 3Å, and 
BTS catalyst 
obtained from 
Merck 
Lithium 
(Li) 
TBL – 
Kelpin 
 
Rods 
 
6.941 
Sealed under 
Ar in metal 
can 
 
3N 
Sodium 
(Na) 
 
ABCR 
Amorphous, 
white silver 
tinge 
 
22.99 
Sealed under 
Ar in quartz 
glass tube 
 
99.95 % 
Potassium 
(K) 
 
ABCR 
Amorphous, 
red silver 
tinge 
 
39.10 
Sealed under 
Ar in quartz 
glass tube 
 
99.95 % 
Calcium 
(Ca) 
 
Alfa-Aesar 
Crystalline 
dendritic 
pieces 
 
40.10 
Sealed under 
Ar in quartz 
ampoule 
99.98 % metals 
basis 
Strontium 
(Sr) 
 
Alfa-Aesar 
Crystalline 
dendritic 
pieces 
 
87.62 
Sealed under 
Ar in quartz 
ampoule 
99.98 % metals 
basis 
Barium 
(Ba) 
 
Alfa-Aesar 
Crystalline 
dendritic 
pieces 
 
137.33 
Sealed under 
Ar in quartz 
ampoule 
99.987 % 
metals basis 
Nickel 
(Ni) 
Chempur Fine powder 58.69 PVC bottle 99.99% (-100 
mesh) 
 
Copper 
(Cu) 
 
Chempur 
 
Spherical 
powder 
 
63.55 
 
Glass bottle 
 99.99 % (- 170 
+ 400 mesh) 
metals basis; 
oxygen < 1000 
ppm 
Cobalt 
(Co) 
E. Merck Fine powder 58.93 PVC bottle 99.99 % 
Particle size ~ 1 
µm 
Graphite 
Carbon 
(C) 
 
Chempur 
 
Fine powder 
 
12.01 
 
PVC bottle 
Size < 100 
micron; Purity 
< 30 ppm ash 
Sodium 
Azide 
(NaN3) 
 
 
Roth 
 
Fine granular 
 
65.01 
 
PVC bottle 
 
99,98 % 
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Table 2.1 Continued 
13C 
(isotopic 
carbon) 
Isotec 
(Sigma-
Aldrich) 
Amorphous, 
black powder 
13.00 PVC bottle 99 at. %  
Ni – 
crucible 
Bochem Silver white 
crucibles 
- Crucible 99.9 % 
Ta – 
crucible 
Plansee, 
(Austria) 
Dark gray 
crucibles 
- Crucible 99.9 % 
Mo – 
crucible 
Plansee, 
(Austria) 
Dull white 
crucibles 
- Crucible 99.9 % 
Nb – 
crucible 
Plansee, 
(Austria) 
Gray 
crucibles 
- Crucible 99.9 % 
W – 
crucible 
Plansee, 
(Austria) 
Silver gray 
crucibles 
- Crucible 99.9 % 
Ni – tube Interalloy 
(Switzerland) 
Silver white 
tubes 
- 20 meter tube, 
8 mm ∅ 
99.9 % 
Ta – tube Plansee Dark gray 
tube 
- 20 cm tube 
 8 mm ∅ 
99.9 % 
Nb – tube Plansee Shining silver 
white tube 
- 20 cm tube  
8 mm ∅ 
99.9 % 
Mo – tube Plansee Dull white 
tube 
- 20 cm tube  
8 mm ∅  
99.9 % 
The alkaline earth metals were cut into smaller pieces and were then placed      
(~ 5 g) inside a tantalum crucible (tantalum crucibles were exclusively used 
for the synthesis of binary nitrides). This was then placed inside a typical 
quartz glass tube reactor as shown in Figure 2.1.  
 
Figure 2.1  Quartz glass tube reactor set-up for the preparation of air and moisture sensitive nitrides 
under inert or nitrogen atmosphere. 
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 To avoid the reaction of subliming alkaline earth metal with the quartz 
reactor to form some stable alkaline earth silicides (Ba2Si, BaSi2), the 
tantalum crucible was shielded from the quartz glass reactor by placing it 
inside a steel tube (1.4316; V2A). A metal tube or ball was used as a spacer 
between the bottom of the steel tube and the quartz tube reactor to avoid 
damaging the tube due to different thermal expansion of these materials at 
high temperatures. The binary nitrides were prepared under the ambient back 
pressure of nitrogen (Messer – Griesheim 99.999 % additionally purified by 
passing over molecular sieve, Roth 3Å, and BTS catalyst obtained from 
Merck) at 1023 K, the reaction mixture was annealed for 48 hrs. The purity of 
the products was checked by powder X – ray diffraction measurements and 
elemental analysis. In order to keep the number of impurity elements at its 
lowest, all the binary nitrides used as starting material, were synthesized 
using exclusively tantalum crucibles. No traces of the crucible material were 
detected in the reaction products. Powder X – ray diffraction analysis was 
extensively used to check purity of the so formed binary nitrides, also 
elemental analysis was used to ascertain the alkaline earth – nitrogen ratio 
and was found to be within the margin of errors. The transition metals 
(nickel, copper, and cobalt) and carbon (graphite) were used as such without 
any pre – treatment after their quality was checked by powder X – ray 
diffraction and elemental analysis.  
2.3 Methods of Synthesis 
 2.3.1 High Temperature Annealing in Quartz Tubes 
A typical quartz glass tube reactor used (Figure 2.1), was made up of 
quartz glass with a wall thickness of 1.5 mm and an outer diameter of 40 mm 
and length 500 mm. The mouth–cap of the reactor is made up of a Duran 
glass with two valves stoppers–nozzles for evacuation and circulation 
purposes. Since the setup has to be functioning properly both under reducing 
and oxidizing atmospheres and within a large temperature range, the sealants 
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and lubricants used between the glass joints were also an important 
consideration. For this purpose silicon grease (GE Bayer Silicones, high 
viscosity Baysilone – Paste) and Apiezon H Grease (Apiezon Products M & I 
Materials Ltd. Manchester, UK) gave good results.  
Each steel tube was cleaned by heating at 1273 K under high vacuum 
for 6 hours and then further heating for 6 hours under flowing argon in order 
to remove the zinc impurities. Before every reaction under this setup, the 
reactor was evacuated for 5 minutes by an ordinary oil vacuum pump (2×10-3 
pa). Later on the required gas (either N2 or Ar) was flushed in and exhausted 
through the bubbler filled with silicon–oil. The level of the gas flow was 
adjusted to about one bubble per second to ensure ambient nitrogen back 
pressure. A higher rate of gas flow has the risk of introducing contaminations 
due to improper filtration that is affected due to higher speed of gas the flow 
and slower kinetics of the gas purification system. Also, faster flow rates are 
detrimental for the reactions where one of the reactants is already in its 
subliming state.  
The furnaces used for the reactions with the quartz glass tube reactor 
had the furnace standby temperature of 323 K, and the reactions were cooled 
down to 323 K after the heat treatment. After the reaction, the reactors were 
taken out with slight reaction gas pressure inside. They were transferred into 
the glove box after pre–evacuating the quartz glass tube before placing it into 
the antechamber. 
 2.3.2 High Pressure Reactions in Sealed Ampoules and  
  Autoclaves 
For the synthesis of certain phases, mildly higher in–situ reaction 
pressures were required. To achieve this, a suitable metal tube that was safe 
to work with at the desired range of temperature and pressure and, which 
would not act as a contaminant in the reaction was chosen. Sodium azide 
(NaN3) was exclusively used in these reactions for generating in –situ mildly 
 
 8
Chapter 2                                                                    Experimental Techniques 
 
higher pressures (12 – 15 bars). The starting materials were ground 
thoroughly, mixed, and filled into the metal tubes that were then sealed using 
an arc–melting furnace to form an ampoule. The ampoule was subjected to 
reaction under two different conditions: 
 (1) An ampoule kept inside the standard quartz glass tube reactor was 
subjected to heat under the argon gas flow to ensure the inertness of 
atmosphere outside the ampoule, and also to ensure that an explosion of the 
ampoule due to overpressure does not lead to the contamination of sample.  
(2) An ampoule further sealed in a quartz ampoule under argon 
atmosphere; here the advantage is towards faster quenching. A reaction inside 
a quartz glass tube reactor is difficult to quench using water, as the 
temperature gradient has to pass not only through the quartz tube but also  
through the steel tube into the crucible, which is a slow process. Whereas, in 
an ampoule sealed in a quartz ampoule the temperature gradient, though 
existing, is reduced by an order of magnitude. The ampoule inside the quartz 
glass tube reactor as well as the one sealed inside the quartz ampoule were 
opened and manipulated inside the argon glove box. 
 2.3.3 High Frequency Furnace 
The high frequency furnace used was a model TIG 5/300, from 
HÜTTINGER company, with a girth–diameter of the copper coil = 40 mm, 
having 4 – 5 spiral turns and a height of 30 mm, the diameter of copper tube 
= 5 mm – 10.5 mm. Two different kinds of high frequency furnace setups 
were used:  
(1) Inside the glove box: The entire furnace was integrated inside 
an argon filled glove box, very clean and uncontaminated reactions could be 
performed easily with it under atmospheres of nitrogen, argon or 
hydrogen/argon mixtures. 
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(a) 
 
(b) 
Figure 2.2  High frequency setup for handling air and moisture sensitive samples (a) installed 
 outside the glove–box, (b) integrated inside the glove–box. 
(2) Outside the glove box: The entire furnace was assembled 
outside the glove box with closed circulation of different gases. Here the 
contamination due to air or moisture could be possible but, the setup was very 
suitable for long reaction durations. 
The reaction setup used was a quartz tube (l = 20 cm, d = 2 cm), which 
was connected to the vacuum and the gas line through a U–tube joint (not 
shown in the above image), and with stopcock. Figure 2.2 (a and b) shows 
two high frequency furnace setups built to handle the air and moisture – 
sensitive reactions. For the reaction a metal crucible (tantalum, nickel, 
niobium, tungsten, or iron) was placed over an inverted Al2O3 crucible at the 
bottom of the quartz tube. The Al2O3 crucible was used as a spacer to avoid 
direct contact between the hot metal crucible and the quartz tube to prevent 
damaging the latter. The position of the quartz tube was adjusted so that the 
metal crucible was centered within the range of the copper induction coil; 
precautions were taken to avoid any direct contact of the metal crucible with 
the walls of the quartz tube. Before starting the reaction, the whole setup was 
evacuated for three times with intermittent filling of the quartz tube with the 
gas used during the reaction. A similar procedure was followed after the 
reaction but this time using argon to prevent contamination of the glove box. 
The reactions were carried out at a reaction–gas pressure of 800 mbar. The 
in–situ temperature measurement at the sample surface was accomplished 
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using an IR pyrometer from the company Dr. George Maurer GmbH 
Optoelectronik with a minimum detectable temperature of 973 K and a 
maximum detectable temperature of 1873 K. The pyrometer was placed at an 
optimal measuring distance of 100 mm and perpendicular to the quartz tube 
so that the IR beam was not affected by the copper induction coil and can 
measure the temperature of the crucible surface. For measuring the sample 
temperature, the pyrometer was adjusted to focus the IR beam at the sample 
surface directly. One problem encountered using this temperature measuring 
technique was the frequent deshining of the quartz reactor tube due to 
reaction with evaporating alkaline earth metals, giving incorrect surface 
temperature. However this problem was too overcome by using new reactors 
or by cleaning wherever possible.  
2.3.4 Arc Melting 
An arc – melting furnace (company: CENTORR vacuum industries 
5S/A38042-A) (Figure 2.3) with water cooling system, copper hearths of 
various sizes for different applications and tungsten electrode was fully 
integrated inside an argon filled glove box.  
  
Figure 2.3 Arc furnace integrated inside a glove box. 
 
 11
Chapter 2                                                                    Experimental Techniques 
 
 The operation chamber of the furnace was evacuable and could be 
flushed with either argon or nitrogen gas while doing operation. Due to the 
high vapor pressure of the alkaline earth metals and the low thermal stability 
of the nitrides and nitridometalates with respect to the temperatures reached 
in the arc furnace (> 3000°C), the arc–melting furnace was exclusively used 
for sealing of nickel, tantalum and niobium ampoules. 
2.3.5 Chemical Transport 
Chemical Transport Reactions (CTR) are reversible reactions, which 
enable one compound to form gaseous species with a transport agent (carbon 
monoxide in our case) at one temperature and to precipitate from the gaseous 
phase at another temperature [31]. In general a CTR can be described as the 
solvation of a solid in the gaseous phase and the following deposition at a 
different temperature. 
CTRs were used both for purification of products in case of Ba2[Ni3N2] 
and an attempt to grow good quality single crystals of a desired phase(s) (i.e., 
in Sr2[Ni(CN)N]) where conventional high temperature annealing is not 
successful. The chemical transport reaction, in case of alkaline earth 
nitridonickelates, is not the best technique to employ due to large differences 
in melting points of the starting materials. Though, it was employed in 
wherever success was achieved.  
The chemical transport reactions designed for the growth of good 
quality single crystals composed of the starting materials weighed in 
appropriate stoichiometries. Sodium azide was put in to act as an in–situ 
source of nitrogen and also it was mixed in appropriate quantity to avoid the 
overpressure inside the metal ampoule. The starting material was filled inside 
the metal (nickel or tantalum) tube and it was sealed from both the sides with 
an arc melting furnace. The metal ampoule was further sealed inside a quartz 
glass tube under vacuum. This doubly sealed ampoule was kept horizontally 
in a three – zone high temperature box furnace. The temperature of the three 
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– zone furnace was adjusted in order to accelerate the chemical transport. The 
samples, before and after heating reaction, were manipulated inside argon 
filled glove box. 
Chemical transport reaction was also used in order to get rid of excess 
nickel impurity in Ba2[Ni3N2], by employing the Mond’s reaction [30] using 
carbon monoxide as carrier gas. The reaction setup consisted of a sealed 
quartz glass ampoule (~ 15 cm in length) (Figure 2.4), containing the sample 
on one end of the ampoule, under 400 mbar of carbon monoxide pressure. 
This ampoule was then placed inside a two zone horizontal furnace; the 
temperature was set to 353 K on the side of the sample and on the other end it 
was set to 573 K.  According to Mond’s reaction, at 353 K the carbon 
monoxide will react with the excess of “free” nickel in the sample and form 
the nickel tetracarbonyl (highly noxious gas). 
  
Figure 2.4 Quartz ampoule sealed at 400 mbar of carbon monoxide pressure, used for purification 
Thus, the formed nickel tetracarbonyl will be transported towards the 
hot zone and will decompose into carbon monoxide and Ni depositing the Ni 
on the walls of quartz ampoule. There was no reaction observed between 
carbon monoxide and the investigated nitridonickelate compound, the 
probable reason for this could be too low activation energy at the reaction 
temperature. The purity of the investigated alkaline earth nitridonickelate 
compound was checked by powder X – ray diffraction and it was found to be 
the same as before except that the nickel content was reduced. This carbon 
monoxide transport reaction suffers due to very slow kinetics of the formation 
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of nickel tetracarbonyl and also, that the reaction temperature is the limitation 
for the formation of nickel tetracarbonyl. The reaction can be shown 
schematically as follows: 
  353 K  
Ni (solid) + 4 CO (gaseous)  Ni(CO)4 (gaseous)
  573 K  
Variation of the reaction temperature does not affect the reaction. The 
only way the reaction could be accelerated is by using a slight excess of 
carbon monoxide gas but, that too has to be maintained within the safe limits 
of the quartz glass ampoule pressure limits. A thick glass quartz tube was 
used with slightly higher carbon monoxide pressure which gave favorable 
results. A metal tube is of advantage to achieve higher carbon monoxide 
pressure but, due to better conductivity of metal compared with quartz the 
temperature difference between the two zones is almost negligible. A 
complete optimization of the process is the topic of further research. 
2.4 Materials Characterization 
2.4.1 X – Ray Diffraction Measurement Techniques 
X–ray powder diffraction investigations were extensively used as the 
primary tool for the characterization of both educts and reaction products, and 
to ascertain the purity/quality of the product formed. 
The characterization was accomplished by either comparing the powder 
pattern of the reaction product with the database (ICDD, ICSD, and PDF) or 
with a theoretically simulated powder pattern from the single crystal structure 
data of the compound. Apart from material characterization, it was also used 
for refinement and accurate determination of the lattice parameters. The air 
and moisture – sensitive samples for powder X–ray diffraction measurements 
were prepared inside an argon glove box. The sample was finely ground, and 
sandwiched between two Kapton films adhering on aluminum rings (Figure 
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2.5). The two Mylar films were adhered with a solution of hexane and 
Vaseline, and after spreading the sample on the first film a thick layer of 
silicon fat was smeared on the periphery of the ring to ensure air–tight sealing 
on the corner. X–ray powder diffraction measurements were carried out on a 
HUBER image plate Guinier Camera G670 using Cu Kα1–radiation, using a  
Germanium (111) monochromator. Data collections were made in the range 
of 3° ≤ 2θ ≤ 100° with a step size of 0.005° 2θ (exposure time 90 min).  
For low temperature X–ray powder diffraction measurements the same 
setup was used with the sample placed inside a closed cycle helium cryostat.  
Data manipulation of the X–ray powder diffraction data was made by 
using the commercially available STOE WinXPOW software package. 
 
Figure 2.5 Setup for the powder X–ray diffraction measurement of air and moisture–sensitive 
polycrystalline samples. 
For X–ray Single crystal diffraction measurements, suitably sized single 
crystals were sealed inside a glass capillary. After checking the crystal quality 
with Laue photographs they were mounted on a Rigaku diffractometer 
equipped with a CCD detector or a STOE IPDS automatic diffractometer (Ag 
Kα1 – radiation using a graphite monochromator with the φ scan technique).  
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For the measurement of low temperature X–ray single–crystal 
diffraction data the STOE IPDS automatic diffractometer was used with an 
open nitrogen gas stream as coolant.  
The collected data were corrected for Lorenz, polarization, and 
absorption effects. Initial models of crystal structures were obtained by direct 
methods. The crystal structures were refined using least squares refinements 
and the program package with the help of SHELXS – 97 [32] and SHELXL – 
97 [33]. The quality of the structure model was evaluated by the R – value, 
which indicates an agreement between observed (Fo) and calculated (Fc); F 
values. R1 is given by: 
  R1 = Σ ||Fo| - |Fc|| / Σ |Fo| 
The wR2 based on F2, 
  wR2 = {Σ [w (Fo2 - Fc2)2] / Σ [w (Fo2)2]} ½ 
 where, 
  w = 1 / σ2(Fo2) + (aP)2 + bP 
  and,  
  P = 2Fc2 + max (Fo2, 0) / 3 
Goodness of fit (GooF) is another important factor for evaluating the 
quality of crystal structure refinement, it is always based on F2. It is given by: 
  GooF = S = {Σ [w (Fo2 - Fc2)2] / (n - p)} 1/2 
where, n = number of reflections, and p = total number of parameters 
refined. A correct structure model usually requires S ≈ 1.  
2.4.2  Powder Neutron Diffraction Measurements 
Neutron diffraction measurements of polycrystalline samples were 
carried out on the powder diffractometer E9 at the reactor BER – II of the 
HM – I Berlin, Germany. The samples were placed under argon into a 
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cylindrical vanadium container (diameter 6 mm, length 47 mm, and wall 
thickness 0.15 mm) closed with a cap containing an indium wire seal (see 
Figure 2.8).  
Crystal structure data were derived from neutron diffraction 
experiments with the wavelength λ = 1.79708 (2) Å in the range 2° < 2θ < 
158° at 298 K. The refinements were carried out using the programs Fullprof 
[35], or GSAS. [36]. 
    
Figure 2.8 Cylindrical vanadium sample holder for neutron diffraction of polycrystalline air and 
moisture–sensitive samples. 
2.4.3 Elemental Analysis 
The composition of compounds was checked by elemental analysis of 
the bulk material. The content of nickel, copper, calcium, strontium, and 
barium was determined quantitatively by using Inductive Coupled Plasma–
Optical Emission Spectroscopy (ICP–OES); (Simultaneous ICP–OES 
spectrometer, Varian “Vista RL” with CCD detector and radial argon plasma, 
wavelength coverage 167–785 nm). Emission methods are well suited for 
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multi element analysis because no external source is required. Typically 
about 20 mg of samples were dissolved in aqua regia and diluted with water. 
The solution is then aspirated into the argon plasma chamber. The typical 
limits of detection and wavelengths for the elements of interest are listed in 
Table 2.2 [34]: 
 Table 2.2: Detection limits and wavelengths for the elements  
Element 
symbol 
Wavelength (nm) Limits of Detection (ng/g) 
C 247.857 120.00 
Na 588.995 6.00 
K 766.023 30.00 
Li 670.784 0.01 
Mg 279.553 0.10 
Ca 393.366 0.13 
Sr 407.771 0.30 
Ba 455.403 0.90 
Ni 221.647 7.00 
Cu 324.754 4.00 
Ta 226.230 20.00 
Nb 309.418 6.00 
W 207.911 20.00 
The contents of nitrogen, oxygen and carbon were analyzed in a LECO 
TCH 600, LECO TC 436 DR/5, and LECO C – 200 CHLH. The 
determination of nitrogen and oxygen is accomplished by the carrier gas – hot 
extraction – method. For the determination of nitrogen and oxygen, the 
samples (~15 mg inside tin capsules) were usually pyrolyzed in a graphite 
crucible under helium gas flow (inert – atmosphere) to convert the elements 
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into a detectable form such as NOx, CO, and CO2. This is achieved by means 
of an electrode furnace (Tmax approx. = 3273 K). The oxygen content is 
detected by measuring CO and CO2 with the help of Non – Dispersive 
Infrared Spectroscopy (ND – IR). The nitrogen content is determined by 
thermal conductivity detection. For the determination of the carbon content, 
the samples were mixed with metallic – ash catalysts (oxygen donors) and 
were heated in oxygen atmosphere in a high frequency furnace (Tmax ≅ 2473 
K). The determination of the carbon content is made by detecting CO2 by 
means of infrared detectors (ND – IR). The calibration is achieved with the 
help of commercially available standards. 
2.4.4 Energy Dispersive X – ray Analysis  
Energy dispersive X – ray was used to determine half-quantitatively the 
elements present on the sample surface by detecting the energy of emitted X 
– rays. The samples were placed on a substrate (sample holder) and sputtered 
with carbon to increase the surface conductivity. The Energy dispersive X – 
ray measurements were carried out using a Phillips XL 30 or a Jeol JSM – 
6400 (SEM integrated with EDX); the data handling and analysis was carried 
out in the software package EDAX. This technique was used only in case of 
few samples as it suffers two major set – backs in case of nitridonickelates: 
(a) it can not detect elements below an atomic number of 10 so it is of no use 
in detecting the nitrogen content (atomic number of nitrogen = 7); (b) The 
sample handling has to be performed in an open atmosphere which 
decomposes most of the air and moisture – sensitive nitridonickelate sample. 
However, at least the elemental ratio of the metallic elements could be 
detected with accuracy. 
2.4.5 Thermogravimetry and Difference Thermal Analysis  
Thermogravimetric and difference thermal analysis were used for  
investigation of phase transitions and phase equilibria. The air and moisture 
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sensitive samples were transferred into the thermogravimetry and difference 
thermal analysis measurement system, which was completely integrated 
inside an argon filled glove box. In order to avoid the vibrations of a 
conventional glove box, which would disturb the thermogravimetric 
measurements, the entire box–table was designed as a vibration–isolated 
weighing table. Thus, sample handling and preparation were carried out under 
inert atmosphere. After the sample was brought into the thermoanalyzer the 
gas system was isolated from the atmosphere of the glove box (argon 
atmosphere inside the glove box) which allows performing the measurements 
under corrosive/reducing atmospheres (e.g. nitrogen atmosphere). The 
measurements were performed using Al2O3–crucibles as standard and the 
samples in Ni–crucibles (home made) with cover under flowing nitrogen / 
argon stream. Data manipulation and analysis was performed with the 
software program from NETZSCH (NETZSCH Proteus – Thermal Analysis – 
Version 4.0 beta, and Version 4.3, NETZSCH – Geraetebau GmbH 1999). 
2.4.6 Magnetic Susceptibility Measurements 
For the measurement of magnetic susceptibilities of air and moisture 
sensitive compounds, the samples (~ 100 mg) were sealed inside                   
pre – calibrated thin walled quartz tubes (ID = 4 mm, wall thickness = 1 mm) 
with a He-pressure of 400 mbar (Figure 2.6). The magnetic susceptibility was 
measured in the temperature range of 1.8 K – 300 K with a fixed magnetic 
field from 100 Oe to 70 kOe.  
The measurements were carried out in a Superconducting Quantum 
Interference Device (SQUID) magnetometer (MPMS XL – 7, Quantum 
Design).  
 The magnetic susceptibility of the sample was extracted by taking the 
linear slope of the inverse magnetic susceptibility with respect to temperature 
by applying the Curie – Weiss law: 
  χ = C/(T – Tc) 
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where, C = Curie Constant 
  T = Temperature 
  Tc = Temperature dependent constant   
The slope was determined by:  
  Y = K + C * T    
where,  K = θ p (Curie temperature) 
 
Figure 2.6 Setup for preparing samples for magnetic susceptibility measurements. 
 Often samples were contaminated by ferromagnetic nickel metal. In 
that case an extrapolation to infinite field was necessary to extract the 
susceptibility of the pure non–ferromagnetic phase. The magnetic 
susceptibility extrapolation of χ vs. 1/H to 0 of the phase was determined 
according to the Honda – Owen method, from the difference in magnetization 
at high temperature (400 K) where it is constant, between the two magnetic 
fields (e.g., 35 kOe and 70 kOe). The magnetization at higher field is given 
by: 
  χM = (χHHIGH * HHIGH - χHLOW * HLOW) / (HHIGH – HLOW)  
 
 21
Chapter 2                                                                    Experimental Techniques 
 
where, χM = Correct magnetic susceptibility 
  χHHIGH = Magnetic susceptibility at high field 
  χHLOW = Magnetic susceptibility at low field 
 The magnetizations thus determined give the content of ferromagnetic 
impurity contribution as follows: 
  M / MS  
where,  M = Magnetization 
  χ = Susceptibility of pure substance 
  H = Magnetic field 
  MS = Specific saturation magnetization of metallic nickel        
    (Ni = 57.7 emu/g) 
2.4.7 Resistivity Measurements 
  
Figure 2.7 Setup for resistivity measurements of air and moisture sensitive samples inside an 
argon glove–box. The sapphire die cell was used for polycrystalline samples. 
Electrical resistivity measurements for single phase powder compounds 
were performed using a DC Van–der–Pauw method in the temperature range 
4 K – 320 K. The contacts were soft platinum – spheres pressed into the in-
situ cold pressed pellet which was contained in a sapphire die cell. The 
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resistivity measurements of air and moisture sensitive samples were carried 
out in an argon filled glove box. Samples were transferred into the box in 
shuttle containers through the antechambers. For temperature dependent 
measurements of the resistivity, cryostats are mounted directly to the glove 
box and allow loading the samples under inert gas. The cryostat could be 
operated in the temperature range of 3.8 K to 320 K. Figure 2.7 shows a 
typical sample holder for the resistivity measurement of polycrystalline 
samples.  
2.4.8  Infrared Spectroscopy 
For determining the binding conditions in nitridonickelate solid state 
infrared spectra were recorded. For the measurement of infrared spectra, the 
sample was prepared by mixing homogeneously typically 1.5 mg compound 
in ~ 150 mg dried potassium bromide (Merck, Uvasol for Infra – Red 
Spectroscopy), and pressing the sample under 10 tons of pressure for 15 
minutes to make a pellet of 8.0 mm diameter. The samples were measured in 
a Bruker spectrometer (IFS 66v/S; Globar (MIR), potassium bromide, DTGS 
– detector; program Opus/IR 3.0.3) under argon. The spectra were recorded in 
the range of 8000 - 400 cm– 1.  
2.4.9  Raman Spectroscopy 
Raman spectroscopy was employed to get informations about the 
isolated molecular units and their vibrational modes. The Fourier transform – 
Raman spectra were recorded from polycrystalline samples sealed inside a 
glass capillary (Ø = 1 mm, l ~ 20 mm) with a module FRA 106 (Nd: YAG-
Laser. 1064 nm, 200 mW). 
2.4.10  Solid – State Nuclear Magnetic Resonance  
  Spectroscopy 
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NMR spectroscopy was used for obtaining the information on the chemical 
structure, the sample preparation for 13C solid state nuclear magnetic resonance 
spectroscopy was done inside an argon glove–box. The sample and three parts by 
weight of germanium oxide (Ge2O3) were thoroughly homogenized, and ground to 
very fine powder. This mixture was then filled tightly inside a zirconium oxide 
sample holder which was sealed with a cap. The measurement was carried out in a 
Bruker wide bore spectrometer WB 300 with a magnetic field of 11.74 Tesla. 
2.4.11 X – Ray Absorption Near Edge Structure Spectroscopy  
X–ray absorption near edge structure spectroscopic measurements at the 
K–threshold of nickel and copper were performed to obtain information on 
the valence state of nickel and copper. The polycrystalline samples were 
homogeneously diluted with B4C (boron carbide) in a volume ratio of 1 : 3, 
respectively, in order to achieve an optimized signal to noise ratio at the 
required absorption edge. To prevent contamination due to moisture and air 
the samples were loaded in steel capsules, equipped with beryllium – 
windows (thickness = 0.5 mm) (Figure 2.9) and sealed with indium wire.   
 
Figure 2.9 Beryllium–cells used for the X–ray absorption near edge structure spectroscopy 
measurement of air and moisture–sensitive polycrystalline samples. 
For low temperature X–ray absorption spectra measurements the 
sample preparation was modified; a similar mixture of sample and boron 
carbide was added to molten dry paraffin, the mixture was cast into an 
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appropriately sized die, and after solidification it was wrapped with Kapton–
foil to prevent contamination by moisture and air; this operation was 
performed inside a glove–box. The measurements were performed at the A1 
beam–line located at the DORIS – III storage ring in the HASYLAB, DESY 
Laboratory (Hamburg, Germany). The nickel and copper K–edge 
measurements were performed in transmission geometry. The absorption 
spectra of the compounds were measured simultaneously with reference 
spectra (Ni, Cu) for energy calibration.  
2.4.12  Electron Paramagnetic Resonance Spectroscopy 
To characterize the dynamic paramagnetic properties (information about 
paramagnetic nickel atoms in the nitridonickelates studied) electron 
paramagnetic resonance spectroscopy was employed (Bruker Elexys E500, 
9.4 GHz). The sample preparation was carried out inside an argon glove box; 
the sample (~5 mg) was mixed with dry paraffin and was filled inside a 
suprasil quartz glass electron paramagnetic resonance spectroscopy cell 
(Figure 2.10). This was brought out under inert atmosphere and was sealed 
under slightly reduced pressure (400 mbar) of helium gas. Precaution was 
observed to maintain the cell in straight line while sealing the quartz tube, to 
be able to fit inside the electron paramagnetic resonance spectroscopy sample 
holder in the spectrometer which is a narrow slit that does not allow curved 
quartz tubes. The measurements were performed in the temperature range of 
4.2 K – 290 K, enabled by a He – gas flow cryostat. 
 
Figure 2.10 Quartz tube cell for electron paramagnetic resonance spectroscopy measurements. 
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Chapter 3 
  Nitridometalates: Structural Principles 
 
Nitridometalates as a possible frontier for exploring interesting 
properties were first exploited by Juza et al in the middle of twentieth century 
[20]. Today the chemistry of nitridometalates has established itself as a 
separate field due to the often unusual crystal structures, low coordination 
numbers, and low valence states. Up to now the physical properties of most 
of the ternary or higher nitridometalates are only rarely studied compared to 
other well established fields like oxometalates, whereas binary nitrides are 
comparatively well characterized with many having interesting and useful 
properties (e.g., BN, AlN, TaN, TiN, GaN, InN etc.). The main reason for 
limitation to study ternary or higher nitridometalates can be accounted for the 
difficulties in synthesis to produce single phase samples and to an extent the   
limitation of analytical tools for air and moisture sensitive materials. These 
situations have greatly improved in past few years thus allowing the 
manipulation and systematic investigation of air/ oxygen/ moisture sensitive 
materials. Though, in its infancy the ternary or higher nitridometalates known 
until now have been showing quite interesting features. The crystal structures 
of most of the ternary or higher nitridometalates are characterized by the 
presence of complex nitridometalate ions with low coordination numbers of 
the metal. Specific properties are expected due to the structure and bonding 
relations.  
Nitrides in general have been classified into three main families [3]: 
1) Metallic nitrides: metal – metal interactions are dominant, the 
nitrogen atom lies isolated within the interstices of the metal 
array, e.g., ScN, Fe3Mo3N, Co3Mo3N, Ni3Mo3N. The structures 
and properties of most of these nitrides resemble that of metals 
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or alloys, they are stabilized by metal – metal interactions [16, 37 – 
38]. This fact is evident by the existence of a wide range of 
homogeneity range. 
2) Ionic nitrides: are those where the stability of the compounds is 
attributed to the inductive effect based on the donation of 
electron density of an electropositive element (e.g. Ca3N2) to an 
adjacent metal – nitrogen bond and thereby increasing the 
stability of both this bond and the compound. 
3) Covalent – nitrides: are those in which metal – nitrogen 
bonding is dominant and unlike, intermetallic nitrides, here the 
metal atoms are interstitial in an array of nitrogen atoms. The 
metal atoms are covalently bonded to nitrogen framework, 
which in turn results in different coordination geometries [39 – 41] 
e.g. Si3N4.    
The nitridometalates may be placed in the categories 2 and 3 based on 
their composition (e.g., Ba[NiN] = ionic Ba2+; covalent part [NiN]2- 
Unpredictable coordination behaviour, crystal chemistry, and physical 
properties are often observed among nitridometalates due to the presence of 
various bonding types. The most predominant M – N covalent character 
among the nitridometalates is of principle importance in understanding the 
chemical and physical properties of these classes of compounds.  
Few well characterized nitrides [42 – 45] that have been studied 
theoretically (e.g., LiMoN2, Ca[NiN]) indicate covalent bond contributions, 
and π interactions of significant importance in transition metal nitrides 
resulting in low coordination numbers of transition metal and very short bond 
lengths of nitrogen. These theoretical studies have been supported from the 
experimentally observed structures and bonding in nitrides.  
Ternary or higher nitridometalates often have crystal structures with 
transition metal of low coordination number with nitrogen, and most forming 
low dimensional structures having isolated complex anions, one – 
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dimensional anionic metal – nitrogen chains (the chains may be straight, 
helical or may have kinks) [1]. However, layered (two – dimensional) 
nitridometalates are very few with interesting physical properties [29, 46]. 
While, three – dimensional structures are mainly observed in non – metal 
compounds (e.g., nitridometalates with SiO2 analogues). 
Breese and O’Keeffe [5] have described the anion – centred polyhedral 
approach in the structural explanation, which might be due to an unusual low 
metal coordination number, and restriction in stoichiometry might be due to 
nominal charge of nitride ion. These features make the nitridometalates to 
exhibit certain structures only specific to nitridometalate chemistry thus, 
suggesting the significance of electronegativity of nitrogen anion in 
determining the crystal structure. 
Classification, of ternary or higher alkali / alkaline – earth transition – 
metal nitridometalates, according to different structural principles (Li3N – 
type; Li3-xNixN, CaF2 – type; Li6CrN4 etc) was done by Juza et al in 1940s 
though, the crystal structures were first solved by Kniep et al [1]. The 
classification of nitridometalates into several groups based on the structural 
proximity to an ideal structure type either of nitrides or other class of 
compounds, and on the coordination number / geometry of transition metal 
atoms have been summarized in this chapter. The elucidation of structure – 
property relation (SPR) is not yet well established in this young field. Table 
3.1 enlists the coordination number, oxidation state and the complex 
nitridometalates anions of various transition metals. 
 Li3N [47] type structure or their variants: 
a) Substitution series Li2[(Li1-xTEx)N] (TE = Co, Ni, Cu) [20, 48 – 50]: 
Here, the intrachain Li–atoms of the Li3N structure are replaced 
by transition elements and the coordination geometry of N-atom 
has either changed to eight fold cubic geometry or the same as 
the hexagonal bipyramidal of an ideal Li3N structure. 
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Table 3.1 Oxidation state, coordination number and complex 
nitridometalate ions of transition metals. 
Group 4 
Ti 
5 
V 
Nb 
Ta 
6 
Cr 
Mo 
W 
7 
Mn 
8 
Fe 
9 
Co 
10 
Ni 
11 
Cu
12 
Zn
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Trigonal planar anion      
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1
∞
q-]  
 
b) Defect – superstructures e.g., Li4[FeN2] [50, 51]: Some of inter 
planar Li–atoms of Li3N structure are replaced by Fe–atoms, 
the coordination geometry is changed to eight fold distorted 
cubic (N(Li6)(cis-Fe2)) from ideal Li3N hbp. 
c) Inter – growth fragment structure: Li4SrN2 [52 – 53] and LiSrN. 
Compared to ideal Li3N hbp structure in case of Li4SrN2 three 
planar lithium atoms are replaced by two strontium atoms thus 
reducing the coordination geometry around N-atom to 
pentagonal bipyramidal. While in case of LiSrN six planar 
lithium atoms of ideal Li3N structure are replaced by four 
strontium atom and reducing the coordination geometry around 
N-atom to octahedral geometry.  
2) Binary Transition Metal – nitride type structures with 
coordination number 5, and 6, in higher oxidation state and 
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varying coordination geometry, and mostly the elements of 
groups 4 – 6, e.g.,  
a) Coordination number 6: 
I. Octahedral coordination of transition metal with N – atom in 
nitridometalates, e.g., Li2[ZrN2] [54], Na[NbN2] [55], Na[TaN2] 
[56], Li2Ta3N4 [57], etc. 
II.   Octahedral and trigonal prismatic coordination of transition 
metal with N – atom, e.g., (LiMo)N2 [58], and CN = 6. 
b) Coordination number 5: 
I. Tetragonal pyramidal coordination, e.g., Ba[ZrN2] [59], and CN 
= 5. 
3) Complex anions:  
a) Coordination number 4: 
 Tetrahedral coordination between transition metal and nitrogen 
atoms with high oxidation states of transition metal. Elements 
from group 4 – 8 generally form these coordination. Some 
examples are as follows: 
 Isolated tetrahedral: Li7[VN4] [60, 61], Ba5[CrN4]N [62], Ba3[TEN4] 
(TE = Mo, W) [63], and Li3[ScN2] [64]. This structural situation 
can be compared for example with Li4[SiO4] [65].  
 Tetrahedral Dimer of type [(TE)2N7] : LiBa4[Mo2N7] . BaCl2 
[66], and LiBa4[W2N7] [67], which is similar to Sc2[Si2O7] [68], and 
K2[Cr2O7] [69]. 
 Rings of tetrahedra of type [(TE)4N12]: Ba10[Ti4N12] [70], like 
Ca2Zr[Si4O12] [72].   
 Chains of tetrahedra [(TE)N3]: Ba2[TaN3], Sr2[TaN3] [72], which 
could be compared with Na2[SiO3] [73]. 
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 Framework of tetrahedron of type [(TE)N2]: Cs[TaN2] [56a].    
 Two dimensional layers, example LiSrGaN2 [56b]. 
c) Coordination number 3: 
 Trigonal planar anions of the type (AE)3[(TE)IIIN3] (TE = V, 
Cr, Mn, Fe) are grouped here. They can be further sub – 
classified based on the crystal structure symmetry and space 
group in two groups: 
I. C m c m (C 2 v – symmetry): Ca3[VN3] [74], Ca3[CrN3] [75], 
and Ca3[MnN3] [76]. 
II. P 6 3 / m (D 3 h – symmetry): Sr3[CrN3], Ba3[CrN3] [77], 
Sr3[MnN3], Ba3[MnN3] [78], Sr3[FeN3], and Ba3[FeN3] [79]. 
4) Low – valency nitridometalates (metal = Co, Ni, and Cu):  
 In this class of compounds unusually low oxidation states of 
transition metal along with low coordination numbers are 
observed in nitridometalates so far observed. Most have the 
oxidation state ≤ 1 rather uncommon in some of them and linear 
coordination with nitrogen atom. Some examples are as follows: 
a) Coordination number 2: (linear coordination by nitrogen)  
Dumbbells arranged linearly: LiSr2[CoN2] [81].  
Infinite chains: Ca[NiN] [40, 49], Sr[NiN] [25], Ba[NiN] [26], Ba[CoN] 
[82], and its structural isotype Ba[Cu0.31Ni0.69N] [83]. All these 
nitridometalates (Co, Ni, Cu) show the presence of short M – M 
weak bonds at the bent of M – N chains which is unique case of 
these compounds. Apart from these, Ba2(Ba6N)[NiN]6 [27] shows 
one – dimensional helical chains with short Ni – Ni bonding at the 
turnings. While, Ba2(Ni1-xLix)Ni2N2 [29] and Ba2[Ni3N2] [29, 84] shows 
the presence of linear Ni – N chains along [010] while a layered 
[Ni3N2]2- network along.  
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6) Sub nitrides or nitride – metalides (e.g., Ag16Ca6N [85], NaBa3N [86], 
(Ca3N)2[FeN3] [87], Ca3XN (X = As, Sb, Bi, Ge, Sn, Pb) [88], and 
Ca3AuN [89]). Unlike the above described nitrides, these 
compounds have alkaline earth – nitrogen polyhedral anions and 
transition metal is located in the interstices between such 
polyhedrons coordinated by alkaline earth metals forming a larger 
clusters with central nitrogen atom surrounded by alkaline earth 
metals which in turn are surrounded by transition metal. 
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Chapter 4                    Ternary Alkaline – Earth 
       Nitridonickelates 
  
Ternary alkaline earth nitridonickelates are a unique class of 
compounds due to the unusual valence states of nickel and also due to the Ni 
– N arrangements, which in most cases are built up by one dimensional 
infinite chains or two dimensional anionic networks. So far few alkaline earth 
nitridonickelates have been discovered and studied for their structural 
features. Physical properties have been investigated for only few compounds, 
e.g., Ca[NiN], Sr[NiN] [45]. In this chapter are summarized and classified all 
the known ternary alkaline earth nitridonickelates based on their structural 
features. A comprehensive investigation on the theoretical and experimental 
level is strongly required for better understanding of the main features that are 
observed in this class of compound. This could also guide in designing new 
alkaline earth nitridonickelates (ternary or perhaps higher). The extensive 
study of the structure property relation of these compounds has been not done 
so far. 
 The formal electron charge balance in these compounds, is achieved 
by the donation of electrons from alkaline – earth atoms, due to inductive – 
effect, to the covalently bonded Ni – N complex anion. Structurally, ternary 
alkaline – earth nitridonickelates can be loosely classified based on the Ni – 
N covalent arrangements, which are the main structural feature of these 
compounds. Thus, there are two classes of ternary alkaline – earth 
nitridonickelates: 
1) Ternary alkaline – earth nitridonickelates with one dimensional infinite 
 Ni – N chains. This can be further subdivided into two sub–classes: 
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 a) Ternary alkaline – earth nitridonickelates with one dimensional 
  infinite Ni – N chains that are straight though, change their  
  direction by 90° at every successive layer, e.g., Ca[NiN]. 
 b)  One – dimensional infinite Ni – N zig – zag chains, e.g. ,  
  Sr[NiN], Ba[NiN]. 
 a)  One – dimensional infinite helical Ni – N chains, e.g.,  
  Ba2(Ba6N)[NiN]6. 
2) Ternary alkaline – earth nitridonickelates with two dimensional 
 infinite Ni – N anionic network, e. g., Ba2[Ni3N2] (result of this work 
discussed in Chapter 4.1). 
The above mentioned structural classification is shown in the Figure 4.1. 
Figure 4.1 Main structural features of ternary alkaline-earth nitridonickelates. 
 
Ca[NiN] 
  
Sr[NiN] 
  
Ba[NiN] 
  
Ba2(Ba6N)[NiN]6
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 Table 4.1 enlists the Ni–N bond distances and N–Ni–N bond angles 
for the ternary alkaline earth nitridonickelates. Apart from their different 
structural anionic Ni–N arrangements, ternary alkaline–earth nitridonickelates 
also exhibit an unusual oxidation state of “≤ +1” for nickel in these 
compounds. 
Table 4.1 Selected bond distances and bond angles observed in covalently 
bound nitridonickelate anion of ternary alkaline earth 
nitridonickelates. 
Ternary alkaline earth 
nitridonickelates 
Ni – N  
Bond Distance 
[pm] 
Ni ····· Ni  
Distance 
[pm] 
N – Ni – N  
Bond Angles [°] 
Ca[NiN] 179.0  None 180.00 
 
Sr[NiN] 
184.6 
176.7 
190.1 
 
237.6 
176.75 
180.00 
Ba[NiN] 178.1 
179.4 
182.8 
 
242.6 
180.00 
177.55 
 
Ba2(Ba6N)[NiN]6
175.6 
177.1 
180.7 
181.5 
 
256.8 
162.25 
176.53 
Ba2[Ni3N2] 179.4 
187.1 
259.2  
278.9 
179.30 
170.46 
 The observation of the unusually low oxidation states of nickel could 
be beneficial for these compounds to be potential candidates for non–oxide 
superconductors as, Ni+1 has the same electronic configuration (d9) as that of 
Cu+2 in high Tc – superconductors. However, it is very challenging to prove 
low oxidation states in nickel compounds, which is found to have higher 
oxidation states in most of its known compounds. In my Ph.D. work, an 
attempt has been made to investigate and prove the low oxidation state for 
nickel with the help of experimental and theoretical investigations. 
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 Chapter 4.1                 Ba2[Ni3N2] 
4.1.1 Synthesis 
Due to the extreme sensitivity of all the starting materials and products 
towards air and moisture, all the manipulations were performed inside an 
argon filled glove box (M Braun; p (O2, H2O) < 0,1 ppm). Temperature 
treatment experiments were performed using a quartz–glass tube–reactor and 
a tube furnace capable of generating temperatures up to 1423 K. The samples 
were transferred in quartz reactors under inert atmosphere. 
Ba2[Ni3N2] was synthesized from barium nitride, Ba2N, and nickel 
powder as starting materials. For the preparation of dark gray single – phase 
Ba2[Ni3N2], a mixture of Ba2N and Ni (molar ratio 1.00 : 3.00) was ground to 
a fine powder and pelletized. The pellets were sintered in a nickel crucible 
placed into the quartz tube-reactor under an ambient back pressure of 
nitrogen at 1173 K for 240 h. Sintering with intermediate grinding and 
pelleting was repeated until complete reaction was achieved. Irregular shaped 
single crystals of black color and metallic lustre were prepared by heating a 
mixture of Ba2N and Ni (molar ratio 1.00:2.50) in a nickel crucible under an 
ambient back pressure of nitrogen at 1273 K for 36 hours.  
Figure 4.1.1 shows the observed powder X–ray diffraction pattern of a 
representative sample of Ba2[Ni3N2] and the calculated X–ray powder pattern 
from single crystal data. The high purity of the samples is indicated by the 
good fit between observed and calculated patterns. 
Table 4.1.1 gives the results of the elemental analysis of the 
synthesized Ba2[Ni3N2]. 
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Figure 4.1.1 Observed and Calculated powder X – ray diffraction pattern of Ba2[Ni3N2] using Cu 
Kα1 radiation.   
Table 4.1.1.  Results of elemental analyses for a representative sample of  
           Ba2[Ni3N2] 
Formula Ba2[Ni3N3] 
Elements Obs. (e.s.d.) / mass % Calc.(e.s.d.) / mass % 
Ba 56.56 (1.42) 57.37 
Ni 37.96 (1.08) 36.78 
N 05.66 (0.04) 05.85 
O Below detection limit 00.00 
Total 100.18 % 100.00 % 
 
Nickel metal was the only impurity in the purest phase Ba2[Ni3N2] that 
was synthesized. The impurity content, as determined by magnetic 
susceptibility measurement, was 60 ppm of the bulk sample and that is too 
less to be detected by any other analytical method. Purification attempts using 
Mond’s process did not yield nickel free samples though, the nickel content 
was found to be less than before but could not be eliminated completely. 
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4.1.2 Crystal Structure 
Suitably sized single crystals of Ba2[Ni3N2] were sealed inside glass 
capillaries for X-ray diffraction intensity data collection on a STOE IPDS 
automatic diffractometer with Ag Kα1–radiation using a graphite–
monochromator in the angular range 2.9 ° ≤ 2θ ≤ 48.4° (330° - φ - scan, 60° - 
ω - scan at χ = 90°, 0.6° steps, exposure time per step of 150 s, detector 
distance = 40 mm; 2θ  offset = -10.00°). The data were corrected for Lorenz 
and polarization effects. A multi–scan absorption correction was applied. The 
Laue method was used initially to check the quality of the single crystals and 
for possible twinning or intergrowth of crystals. The X–ray data were 
collected only for suitable crystals. The crystal structure was solved by direct 
methods using the program SHELXS–97–2 [32]. Fourier calculations and 
subsequent full-matrix least-squares refinements were carried out using 
SHELXL–97–2 [33] applying neutral-atom scattering factors. The drawing of 
the structure model were accomplished by using the program DIAMOND [93]. 
Low temperature single crystal X – ray diffraction measurements were 
performed by using an open nitrogen gas stream as coolant. The crystal 
structure was refined in the similar manner as described above using the room 
temperature structure as a starting point.  
Ba2[Ni3N2] crystallizes in the orthorhombic space group Cmca (No. 64) 
(a = 715.3(2) pm, b = 1033.0(2) pm, c = 740.1(2) pm, V = 546.86 x 106 pm3. 
Both room temperature powder X-ray diffraction data and powder neutron 
diffraction data correspond well with these values of lattice parameters within 
the margin of standard deviations. In a first refinement, the anisotropic 
displacement parameters for the Ni(2) – position shows an anomaly in U11, 
resulting in a prolate thermal ellipsoid. A subsequent refinement of the Ni(2) 
– position as a split position gave rise to “normal” displacement parameters, 
whereas a change to lower symmetry did not improve the model. This 
behaviour is discussed in-depth in a later paragraph taking low temperature 
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data into consideration. Table 4.1.2 shows the crystallographic and 
refinement data; positional and displacement parameters are given in Table 
4.1.3 a & b. Selected distances and angles are given in Table 4.1.4 a & b.  
The crystallographic data of the single crystal X-ray diffraction 
measurements at low temperatures and the results of their refinements are 
given in Appendix A. 
Table 4.1.2  Crystallographic data and refinement data for Ba2[Ni3N2] 
Compound Ba2[Ni3N2] 
Temperature of Measurement 293 K 
Crystal system Orthorhombic 
Space group Cmca (No. 64) 
a[pm] 715.30 (0.2) 
b[pm] 1033.00 (0.2) 
c[pm] 740.10 (0.2) 
Cell volume [106. Pm 3] 546.86 (0.2) 
Z 4 
Calculated density ρ [g . cm-3] 3.502 
Crystal color, habit Shining black, irregular 
Crystal size [mm3] 0.1 x 0.1 x 0.1 
µ(AgKα) [mm-1] 12.715 
2θ range [°] 2.9 – 48.4 
Miller-index range -10 ≤ h ≤ 10 
-14 ≤ k ≤ 14 
-10 ≤ l ≤ 10 
Diffractometer STOE IPDS 
Radiation, Wavelength X-ray, Ag = 0.56087 Å 
Monochromator Graphite 
Scan mode ∆φ (phi) = 0.8° 
Measured reflections 3409 
Reflections for refinement 456 
Observed reflections [Fo>4σ(Fo)] 413 
Rint 0.0123 
Structure solution method Direct methods 
Program for structure solution SHELXS – 97 – 2 [33] 
Structure refinement method Direct methods 
Program for structure refinement SHELXL – 97 – 2 [34] 
Number of Parameters 23 
Goodness-of-fit on F 2 1.081 
R values [Fo>4σ(Fo)] R1= 0.0123, wR2=0.0237 
R values (for all data) R1= 0.0157, wR2=0.0344 
Residual electron density  
[e x 10 –3 pm3] 
0.588/ - 0.618 
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Table 4.1.3 a  Atomic coordinates and equivalent isotropic parameters [pm2] for 
Ba2[Ni3N2] at 293 K, Ni(2) as split position. Standard deviations of 
the last digit in parentheses. 
Atom Wyckoff Occ. x y Z Ueq / Uiso 
Ba (1) 8 f 1 0 0.16890 (1) 0.09088 (2) 99.9 (6) 
Ni (1) 8 e 1 0.25 0.42484 (3) 0.25 83.6 (8) 
Ni (2) 8 d 0.5 0.0207 (5) 0.48 0 106 (5) 
N (1) 8 f 1 0 0.42593 (2) 0.22980 (3) 82 (4) 
 
Table 4.1.3 b  Anisotropic displacement parameters [pm2] for Ba2[Ni3N2] at 293 K 
with, Ni (2) as split position. 
Atom U11 U22 U33 U12 U13 U23 
Ba (1) 131.5 (9) 79.0 (9) 89.2 (8) 0 0 -9.9 (5) 
Ni (1) 38.0 (1) 103.5 (2) 109.7 (1) 0 3.2 (11) 0 
Ni (2) 135.0 (15) 109.0 (2) 75.0 (2) 0 0 16.1 (2) 
N (1) 47.0 (9) 103.0 
(10) 
94.0 (10) 0 0 9 (7) 
 
Table 4.1.4a Selected distances in Ba2[Ni3N2], standard deviations of the last digit 
in parentheses. 
Atoms Distance 
(pm) 
No. of 
bonds 
Atoms Distance 
(pm) 
No. of 
bonds 
Ni1 - N 179.4 (0) 2 x N - Ni1 179.4 (0) 2 x 
Ni2 - N 187.1 (2) 2 x N - Ni2 187.1 (2) 1 x 
N - Ba 284.7 (2) 1 x Ba - N 284.7 (2) 1 x 
N - Ba 284.6 (2) 1 x Ba - N 284.6 (2) 1 x 
N - Ba 283.9 (2) 1 x Ba - N 283.9 (2) 1 x 
 
 
Table 4.1.4b Selected bond angles in Ba2[Ni3N2], standard deviations of the last 
digit in parentheses. 
Atom 1 Atom 2 Atom 3 Bond Angle (°) 
Ba1 N1 Ba1 91.05(6) 
Ba1 N1 Ni1 91.39(1) 
Ba1 N1 Ni2 93.04(8) 
Ba1 N1 Ni1 91.39(1) 
Ba1 N1 Ba1 173.33(8) 
Ba1 N1 Ni1 85.41(1) 
Ba1 N1 Ni1 85.41(1) 
Ba1 N1 Ba1 82.28(6) 
Ba1 N1 Ni2 175.91(11) 
Ba1 N1 Ni1 88.09(1) 
Ba1 N1 Ni2 93.63(8) 
Ba1 N1 Ni1 88.09(1) 
Ni1 N1 Ni1 170.42(1) 
N1 Ba1 N1 131.32(6) 
N1 Ba1 N1 130.96(6) 
N1 Ba1 N1 97.72(6) 
N1 Ni1 N1 179.30(1) 
Chapter 4.1                                                                                       Ba2[Ni3N2]                        
 
 
 41
Table 4.1.4b Continued 
N1 Ni2 N1 170.92(10) 
Ni1 N1 Ni2 89.96(3) 
Ni1 N1 Ni2 99.04(1) 
 
 
 
Figure 4.1.2.  The crystal structure of Ba2[Ni3N2], depicting the [BaN3] coordination as trigonal     
 planar, and [NBa3Ni(1)2Ni(2)1] coordination as distorted octahedron. The stacking 
of [Ni3N2]2- ionic network can also be seen, the short Ni – Ni distances are visible 
as dashed lines. 
 
The crystal structure of Ba2[Ni3N2] consists of [Ni3N2]2- ionic network 
with barium situated between the two adjacent network. Figure 4.1.2 shows a 
unit cell of Ba2[Ni3N2].  
The predominant structural feature of the crystal structure of Ba2[Ni3N2] 
is shown by infinite two dimensional (2D) puckered anionic layers 
[ ] −−+∞
4
3
2
66.0
3
2 NNi (Figure 4.1.3) which are stacked in AB – sequence along [010].  
The two symmetrically independent nickel atoms are nearly linearly 
coordinated by nitrogen. Bond lengths, d(Ni(1) – N) = 179.4 (0) pm, d(Ni(2) 
– N) = 187.1 (2) pm, are within the range observed in other nitridonickelates 
Ba[NiN]: d(Ni – N) = 180.1pm [26]; Ba2(Ba6N)[NiN]6: d(Ni – N) = 179.22 pm 
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[27]; Ca[NiN]: d(Ni – N) = 179.0 (4) pm [40]; Sr[NiN]: d(Ni – N) = 183.6 pm 
[183]. The Ni(1) – N bond length is much shorter than the Ni(2) – N bond 
length.  
The [ ] −−+∞
4
3
2
67.0
3
2
NNi anionic network consists of Ni(1) – N chains that run 
along the [100] direction. Ni(2) connects to the neighbouring Ni(1) – N 
chains alternatingly along [001] and [001 ] at every second N – position to 
form a 2D [Ni3N2] anionic network. 
179.4 (0) pm
179.30°
170.42°
170.92 °
A
B
A
134°
c
b
517.4 (3) pm
187.1 (2) pm
 
Figure 4.1.3 [ ] −−+∞
4
3
2
66.0
3
2 NNi  anionic–layer (top), the stacking sequence of the layers  
 (bottom). 
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The Ni(1) is nearly linearly co – ordinated by N-atom; (∠N – Ni(1) – N 
= 179.30(1)°) while, the N-atom slightly bent; ∠Ni(1) – N – Ni(1) = 
170.42(1)° which shows a very slight kink. Overall the coordination of Ni(2), 
and Ni(1) with common N-atom give rise to an almost planar (in (010)) zig – 
zag chain. Ni(1) is located about 1.0(1) pm above the plane as shown in 
Figure 4.1.4. Ni(2) statistically occupies a split position (0.02, 0.50, 0.00) 
however, in order to facilitate the discussion of the 2D network, the ideal 
position (0,0.5,0) for Ni(2) is used.  
Ni(1) Ni(1)N(1)
Ni(2)
9.08° (0)
29.6 (5) pm
a
c
 
Figure 4.1.4 [2Ni(1) – Ni(2) – 2Ni(1)] square plane showing the bond length and bond angle 
between the split Ni(2) and N(1). 
The units (2Ni(1) – Ni(2) – 2Ni(1)) are square planar (Figure 4.1.4), 
both with Ni(2) in the ideal as well as in the split position giving rise to 
planar bands running along [100]. The angle between neighbouring bands is 
∠134(1)°, resulting in a corrugated layer.  
The Ba – atoms are always coordinated in a distorted trigonal planar 
arrangement by three N atoms, two of them belonging to the same layer and 
one to a neighbouring layer. Bond lengths Ba-N (d(Ba – N) = 284.40 pm) 
correspond well with data for other nitridonickelates for example, Ba[NiN] 
[26]: d(Ba – N) = 288.05 pm; Ba2(Ba6N)[NiN]6: d(Ba – N) = 299.71 pm [27]. 
Chapter 4.1                                                                                       Ba2[Ni3N2]                        
 
 
 44
The N–atom is coordinated by three Ni and three Ba in the form of a 
distorted octahedron. The distorted octahedron [N(Ba)3(Ni(1))2(Ni(2))1] have 
Ni(1) in trans–position. The two distorted octahedra are connected in the 
same layer by edge sharing of two common Ba–atoms thus forming edge 
shared double octahedra (couples) which are connected to adjacent couples 
by common corners by one Ba–atom and two Ni(2)–atoms. Thereby, the 
shared Ba–atoms of one couple form the corner of another couple and vice – 
versa [NBa3/3Ba4/2(Ni2/2)3]. The couples are connected by the [Ni(1)N2/2] – 
chains along [100] by corner sharing of Ni(1)–atoms giving rise to a three 
dimensional network of distorted N – octahedra.  
This structural characteristic can be compared with the crystal structure 
of Li3N [90, 91] and Li5[Ni3N3] [92] (as shown in Figure 4.1.5). In the crystal 
structure of Li3N nitrogen is coordinated by eight lithium atoms forming 
hexagonal bipyramidal polyhedra [N(Li2/2)(Li6/3)]. The polyhedra along [001] 
are edge shared by common lithium atom while along [100] they are corner 
shared. However, in the crystal structure of Li5[Ni3N3] the coordination 
number of nitrogen reduces to seven forming pentagonal bipyramidal 
coordination polyhedra [N(Ni2/2)(Li5/3)]. While in case of Ba2[Ni3N2] the 
coordination number of nitrogen further reduces to six forming octahedral 
polyhedra [N(Ni3/3)(Ba3/3)]. 
(a)  
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(b)  
 
(c)   
Figure 4.1.5 Polyhedral coordination and interconnection in the crystal structure of: (a) Li2[LiN], (b) 
Li5[Ni3N3], (c) Ba2[Ni3N2]. 
 
(a)  (b)  (c)  
Figure 4.1.6 Structural relationship between the crystal structures of: (a) Li2[LiN], (b) Li5[Ni3N3], 
(c) Ba2[Ni3N2]. 
In the crystal structure of Ba2[Ni3N2] the nearly linear coordination of 
Ni(1) – N chains along [100] shows a close relationship to Li3N. In case of 
Li3N the [LiN2/2] chains are arranged according to an idealized hexagonal 
close packing arrangement that runs perpendicular to the hexagonal Li2N 
layers. The Li2N layers run along [110] are stacked in an - - - AA - - - 
sequence with the Li–atom in the trigonal planar coordination with three N–
atoms. In contrast the stacking of the layer of N octahedra in Ba2[Ni3N2] is - - 
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- AB - - -. Figure 4.1.6 shows the structural motif of the layers in Li3N, 
Li5[Ni3N3], and Ba2[Ni3N2], the LiN2/2/NiN2/2 chains respectively runs 
perpendicular to these layers, which also exhibits the close relation with Li3N. 
It is interesting to note that the ratio of cations to anions in the layers 
decreases from 2:1 (Li2[LiN]) to 5:3 (Li5[Ni3N3]) to 3:2 (Ba2[Ni3N2]). 
The anomaly in the anisotropic displacement parameters for the Ni(2) 
– position gave rise to a detailed investigation of the low temperature 
behaviour of Ba2[Ni3N2]. Close investigation of both room temperature and 
low temperature X–ray diffraction data did not reveal any superstructure 
reflections or problems with reflection conditions. To distinguish between 
thermal vibrations and a split position, low temperature single crystal data 
were collected at temperatures of 200 K and 100 K, respectively. Refinement 
of these data clearly proves the validity of the split position model as shown 
in Figure 4.1.7.  
293 K 100 K200 K
Ni
N
(a)
(b)
Ni (2)
N
Ni (1)
a
c
 
Figure 4.1.7 Temperature dependence of Ni (2) – position: a) split – position, (b) thermal ellipsoid. 
Whereas the cross section of the thermal ellipsoid in the idealized model 
(Ni(2): 0, 0.5, 0) steadily decreases with decreasing temperature, the length of 
the thermal ellipsoid remains constant indicating a clear inconsistency in the 
model. In contrast, in the split position model thermal motion isotropically 
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decreases with decreasing temperature, whereas the Ni – Ni distance remains 
virtually constant. 
 To discuss the split position of Ni(2), group – subgroup relations have 
to be taken into consideration.  The space group Cmca has 15 maximal non – 
isomorphic sub groups, [95] but in only four subgroups of them it is 
theoretically possible to resolve the split position (Figure 4.1.8), in all other 
sub – groups the split position remains. 
Data refinement in any of these subgroups does not lead to any 
improvement in the crystal structure description, but always results in twin 
models. Since there are no indications of macroscopic twinning, it has to be 
assumed that either ‘real’ disorder is prevalent or ordered micro structural 
domains are present.  
In order to understand the validity of the subgroups, total energy 
calculations were performed on the entire four subgroups by using the self-
consistent linear muffin tin orbitals (LMTO) method [96 – 98]. 
However, the TB – LMTO – ASA suffers the set back of not having the 
information about the bond energies, which should be compared instead of 
the total energy. Thus, to investigate this aspect about the structural stability 
of the different nickel arrangements according to the various possible 
occupation patterns of the nickel split position, full potential electronic 
structure calculations within the local density approximation (LDA) were 
carried out. For this purpose, the full – potential nonorthogonal local – orbital 
(FPLO) calculation scheme [99] was applied. In the scalar–relativistic 
calculations the exchange and correlation potential of Perdew and Wang [100] 
was used. The basis set used for different elemental states were: Ba (5s, 5p, 
6s, 6p, 5d), Ni (3s, 3p, 4s, 4p, 3d) and N (2s, 2p, 3d). The lower–lying states 
were treated fully relativistically as core states. The N 3d states as well as the 
Ba 5d states were taken into account as polarization states to increase the 
completeness of the basis set and thus the accuracy of the total energy. The 
treatment of the Ni (3s, 3p) and Ba (5s, 5p) semi–core–like states as valence 
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states was necessary to account for non–negligible core–core overlaps. The 
spatial extension of the basis orbital, controlled by a confining potential 
(r/r0)4, was optimized to minimize the total energy [101]. A k – mesh of 4096 
points in the full Brillouin zone was used. The convergence of the total 
energy with respect to the k – mesh and the basis set was carefully checked. 
Starting from the description of Ba2Ni3N2 in the space group Cmca (no. 
64) with the nickel in the centre of the large thermal ellipsoid, total energy 
calculations were done for the four different occupation patterns shown in 
Figure 4.1.8 using the subgroups C2221 (no. 20), Pbcb (no. 54), Pbna (no. 60) 
and C2ca (no. 41), respectively. As a result, the C2221 arrangement was 
found to exhibit the lowest energy, although the other Ni split patterns are 
extremely close in energy. Normalized to the energy of the C2221 
arrangement, they differ by 3.0 meV (35 K, C2ca), 3.2 meV (37 K, Pbcb), 
and 5.2 meV (61 K, Pbna) per formula unit, only. On the other hand, the 
description in terms of the non–split Cmca structure yields an energy of about 
2.3 eV above C2221 structure and can therefore be excluded as the stable state 
at low temperatures. Considering the very small energy differences between 
the other occupation patterns, an ordering of the Ni split position is not 
expected even at low temperatures. The energy barrier between the Ni split 
positions (the Cmca energy gives a raw estimate) is more than two orders of 
magnitude higher than the difference between the different Ni arrangements; 
therefore, any Ni ordering is highly inhibited. Furthermore, the small energy 
differences between the four Ni patterns will be even further reduced by local 
relaxation that is neglected in the calculations. This leads to the conclusion 
that the Ni split position should be completely randomly occupied.  
Low temperature X–ray powder diffraction data (Figure 4.1.9) show an 
interesting feature: whereas the unit cell volume as well as the lattice 
parameter b decreases steadily while lowering temperature, the lattice 
parameter a (corresponding to the direction of the Ni – N chains) remains 
virtually constant.  
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Above 100 K lattice parameter c decreases, but below a transition 
temperature of about 100 K, the lattice parameter c increases with decreasing 
temperature. This corresponds to an increased corrugation of the two – 
dimensional [Ni3N2] layers with decreasing temperature. 
 
Figure 4.1.9 Temperature dependence of lattice parameters [%] and unit cell volume [%] and its 
effect on the two – dimensional anionic network.   
The powder neutron diffraction data support this interpretation (Figure 
4.1.10) however, there is no evidence of a magnetically ordered structure in 
the compound, neither at room temperature, nor at lower temperatures. Data 
refinements of neutron data with the GSAS program package [36] gave 
comparable results to single crystal X – ray refinements. 
Based on the observed neutron diffraction patterns, theoretical 
simulations of neutron diffraction patterns were performed for Ba2[Ni3N2] 
with the Ni(2) – atom in two different crystallographic positions, i.e., split – 
and cigar (prolate) shape with consideration to different magnetic ordering. 
The powder neutron diffraction pattern calculated by the simulation for the 
space group Cmca with Ni(2)–atom as split and cigar shape, respectively, and 
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without magnetic ordering, were similar to the experimentally observed 
neutron diffraction patterns.                                                             
  
  
Figure 4.1.10 Neutron Powder Diffraction of Ba2[Ni3N2] measured at: 2 K (top); room– 
 temperature (bottom).  
 
Calculations obtained for the same model considering ferromagnetic 
ordering, show an increase in the intensity of a reflection at 2θ = 28.13° that 
might be an indication for a ferromagnetic ordering in the assumed theoretical 
model. Though, no such increase of intensity had been observed in the 
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experimental measurements performed at room temperature and at 2 K 
(Figure 4.1.10), indicating the absence of temperature dependent 
ferromagnetic ordering. 
The magnetic susceptibility measurement hints towards the mixed valent 
character of Ba2[Ni3N2] with crystallographic Ni(1) – atom (in the Ni(1)–N2/2 
chains along [100]) having Ni1+ oxidation state and Ni(2)–atom (connecting 
the two adjacent chains along [001]) as non-magnetic Ni0 which is located on 
the crystallographic mirror plane thus, giving an electrically neutral empirical 
formula of [ ] ⎥
⎦
⎤
⎢
⎣
⎡ −−++ 43
2
0
(2)2
1
(1)
2
2 NNiNiBa . 
The neutron diffraction simulation was performed on one of the four 
subgroups [C2221 (no. 20); chosen on the basis of FPLO calculation, and the 
model with the lowest total energy, of the four models] of Cmca space group 
(No. 64) considering the Ni(1) – atom with antiferromagnetic ordering. 
The calculated neutron powder diffraction pattern showed an increased 
intensity of the reflection at 2θ = 17.574° compared to the same sub–group 
with Ni(2) as cigar–shape and non–magnetic consideration. The extra 
reflection observed at lower angle in both these cases was experimentally not 
observed thus indicating the absence of long–range antiferromagnetic 
ordering. 
The results obtained from the calculation of powder neutron diffraction 
for Ba2[Ni3N2] with Ni(2) as either split and cigar shape in Cmca space group 
with magnetic consideration did not corresponds with the experimentally 
observed powder neutron diffraction pattern. This indicates that Ba2[Ni3N2] 
does not hint towards long-range antiferromagnetic ordering with respect to 
temperature which may be due to small magnetic moments.  
4.1.3  Physical Properties 
4.1.3.1 Magnetic Susceptibility 
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The corrected (for empty tube) inverse magnetic susceptibilities 1/χ(T) 
of Ba2[Ni3N2] are displayed in Figure 4.1.11. It shows a broad minimum 
around 120 K which is a typical signature of low–dimensional magnetism. 
The corrected (for ferromagnetic nickel) inverse magnetic susceptibility with 
respect to temperature can be approximated by a Curie–Weiss law only at 
higher temperature (T > 200 K). The effective magnetic moment per formula 
unit µeff /f.u. = 2.5 µB is nevertheless roughly consistent with two Ni1+ species 
on the chain – sites (S = ½, µso = 1.73 µB; see Figure 4.1.11) and one non – 
magnetic Ni0 species in the “connection-site”, as required for the charge 
balance. 
 
Figure 4.1.11 Inverse magnetic susceptibility of Ba2[Ni3N2] with respect to different magnetic 
fields. The inset shows the magnetic susceptibility at low temperatures with respect 
to different magnetic fields. 
However, as discussed above, the system is metallic and the situation is 
clearly not in the ionic limit with well–defined magnetic moments localized 
at certain Ni–ions. The magnetic system might be therefore described as Ni – 
centered quantum spins (S = ½) with predominant magnetic exchange in the 
chains running in a direction. The sharp kink in susceptibility at TN = 100 K 
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and the concomitant strong reduction of electrical resistivity indicate a long – 
range antiferromagnetic (Néel) ordering of the Ni species. The fact, that no 
additional reflections were observed in the neutron diffraction data at low 
temperature might be due to a very small ordered magnetic moment.  
This situation is often met in low–dimensional isoelectronic copper S = 
½ compounds. The relatively high TN compared to the temperature of the 
maximum in susceptibility indicates a strong out–of–chain coupling (along 
the c axis). Magnetic coupling along b can be quite weak in this respect. The 
spin quantum number ½ and the coupling to a structural distortion render this 
compound a very interesting magnetic system. No weak ferromagnetic 
moments or other phase transitions were observed at T ≥ 1.8 K. 
The transition temperature observed in the magnetization measurement 
is consistent with transition temperatures observed in other T – dependent 
investigations (e.g., powder X – ray, electrical resistivity). 
The contribution due to ferromagnetic impurities (Ni) was determined as 
described in Chapter 2 and was found to be 60 ppm of the bulk sample. 
4.1.3.2 Electrical Resistivity  
The electrical resistivity ρ(T) (Figure 4.1.12) of Ba2[Ni3N2] shows a 
linear temperature dependence for temperatures above 100 K, which indicates 
a metallic conduction mechanism (2.7 mΩ cm at 300 K; ρ0 = 0.7 mΩ cm). 
However, the resistivity at 300 K is high compared to the classical limit of ≈ 
0.1 mΩ cm for metallic conduction, which classifies the compound to be a 
bad metal. It shows a pronounced kink at around 90 K. Above that 
temperature ρ(T) varies almost linearly with temperature.  
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Figure 4.1.12 Electrical resistivity of Ba2[Ni3N2] with respect to temperature, measured for a 
polycrystalline sample. The inset shows the derivative plot of the electrical 
resistivity indicating a sharp transition with maximum at 87 K. 
 
 The decrease of ρ(T) below around 90 K is very similar to that 
observed in magnetically ordered intermetallic compounds [102], where it is 
due to decreased scattering of charge carriers by the ordered magnetic 
moments (spin–disorder scattering). The crystallographic/magnetic transition 
at T ≈ 90 K is mirrored by a change in the slope of the resistivity and a strong 
curvature below that temperature. The derivative dρ/dT, which often 
resembles the temperature dependence of the specific heat of a magnetic 
system, shows a clear lambda – peak with maximum at 87 K. The shape of 
dρ/dT is characteristic for the reduction of the spin – disorder scattering of 
charge carriers in a magnetically ordered phase. 
4.1.3.3 X – ray Absorption Near Edge Spectroscopy  
For information on the electronic configuration of nickel, X–ray 
absorption spectroscopy was employed at the K – threshold of nickel. The X 
– ray absorption spectra of Ba2[Ni3N2] at room temperature is shown in 
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Figure 4.1.13 along with the absorption spectra of Ni and NiO as the standard 
reference for nickel with “0” and +2 oxidation states. The absorption spectra 
of Ba2[Ni3N2] at different temperatures compared with Ni and NiO are shown 
in Figure 4.1.14.  
 
Figure 4.1.13 XAS  spectra of Ba2[Ni3N2] at the Ni K-threshold at 293 K compared with Ni(0) and 
  NiO standards. 
 
The X–ray absorption spectrum of Ba2[Ni3N2] shows several 
contributions of varying intensities to the  fine – structure near the Ni – K 
edge. The secondary peaks are more visible from the derivative curve which 
shows at least four distinct maxima in the low energy region of the absorption 
edge. The comparisons of derivative curves at different temperatures are 
shown in Figure 4.1.15. The energies as well as the intensities of these 
features are temperature independent which is shown by the spectra at 
temperatures at 5 K and 300 K. They also agree well with the spectrum near 
the phase transition at 100 K.  
On comparing the behaviour of absorption spectra of Ba2[Ni3N2] with 
the spectra of Ni and NiO (Figure 4.1.13), they show very close similarities to 
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the Ni spectrum with respect to position and shape of the K – edge indicating 
a low Ni valence state of Ba2[Ni3N2]. 
 
  
Figure 4.1.14 XAS spectra of Ba2[Ni3N2] at the Ni K-threshold at low temperatures for  
 Ba2[Ni3N2] compared with Ni(0) and NiO standards. The feature observed before  
 8320 eV appears due to the different concentration of nickel in the sample that was  
 prepared for the XAS measurement however it is not due to sample properties. 
The main differences from the Ni – spectrum starts to occur near to the 
first maximum which is reduced and not well defined in the Ba2[Ni3N2] 
spectrum (shown by the first dotted line in Figure 4.1.13 and 4.1.14). This 
maximum (or white line for NiO) is related to the main contribution at the Ni 
K – edge caused by the dipole excitation of 1s – electrons to unoccupied 4p 
levels above the Fermi energy. This relation of the absorption behaviour at 
the K – edge to the l = 1 projected density of states was calculated for 
elemental Ni [103] and NiO [104]. Both the spectra and their first derivatives 
show the main maximum at almost the same energy. In the low energy region 
the absorption of elemental Ni is significantly higher, than for NiO which 
reflects the differences in the l = 1 projection of the density of states above 
the Fermi energy. 
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Figure 4.1.15 Plot of derivative curves at different temperatures for Ba2[Ni3N2] compared with  
 Ni(0) and NiO. The feature observed before 8320 eV appears due to the different  
 concentration of nickel in the sample that was prepared for the XAS measurement  
 however it is not due to sample properties. 
 
The absorption behaviour of Ni element and that of Ba2[Ni3N2] are very 
similar in the low energy region as shown by the dotted lines in Figure 4.1.14 
and 4.1.15. In case of the Ni element spectrum it was found that the 
absorption behavior is dominated by the contribution of the unoccupied 3d 
levels on the l = 1 projection of the density of states in this energy range. The 
coincidence of both the spectra in this energy range indicates a similar 3d 
level configuration for Ni element and the compound Ba2[Ni3N2]. This 
relation has to be proved by theoretical calculations of the absorption 
coefficient which should also give some hints towards the different Ni 
configurations in Ni element and Ba2[Ni3N2] from the absorption behavior 
near to the first maximum. 
On qualitative comparison, the unaltered absorption spectra of 
Ba2[Ni3N2] show that the l = 1 projection of the density of states is 
temperature independent. This indicates that the phase transition at around 
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100 K is neither related to changes in the band structure of the compound nor 
to major changes near the Fermi energy. 
4.1.3.4 Thermogravimetric – Difference Thermal Analysis – 
 Powder X – ray Diffraction Investigation: 
With the aim of the detailed investigation of the reaction pathway of Ba 
– Ni – N ternary system towards the formation of Ba[NiN], Ba2(Ba6N)[NiN]6 
and Ba2[Ni3N2], the thermogravimetric–difference thermal analytical 
measurements were carried out followed by their close investigations by 
subsequent powder X–ray diffraction measurements as a function of 
temperature. The thermogravimetric–difference thermal analysis powder X–
ray diffraction measurements were carried out with the starting materials 
mixed in appropriate molar ratios, as well as for the pure phase product 
Ba2[Ni3N2].  
  
Figure 4.1.16 Difference thermal analysis curve of the starting mixture for Ba2[Ni3N2], heated up 
to 1250°C. Maxima of exothermic and endothermic peaks are shown by arrows and 
their temperatures are indicated. 
 
The thermogravimetric–difference thermal analysis measurements were 
performed in the temperature range of 25 °C to 1250 °C with heating and 
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cooling rates of 10 K/min under flowing nitrogen gas stream and using  
homemade nickel crucibles with nickel covers.  
 
 
Figure 4.1.17  Thermogravimetric curve for the Ba2[Ni3N2] starting stoichiometry, measured at  
 1250°C. 
 
 
Figure 4.1.18  Powder X – ray diffraction pattern (using Cu Kα1 radiation) after cooling from  
 1250°C showing the presence of Ba[NiN] and slight nickel. 
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 The thermogravimetric–difference thermal analysis measurement made 
for the starting material at 1250 °C (Figure 4.1.16, 4.1.17) showed 
endothermic onset – peaks at the temperatures 324 °C (s – endo), 870 °C (s – 
exo), 960 °C (s – endo), 1000 °C (s – endo) (with s = sharp, and b = broad). 
Upon cooling three prominent exothermic peaks were observed which could 
be presumed to be for crystallization from the melt, the three crystallization 
peaks were observed at 939° C, 746° C, and 670° C, the powder X–ray 
diffraction measurement of the final product (Figure 4.1.18) was found to be 
the known phase Ba[NiN] with slight amount of nickel. Based on this 
observation the subsequent thermogravimetric–difference thermal analysis 
measurements of the starting mixture for Ba2[Ni3N2] were made up to 324 °C, 
570 °C, 825 °C, 870 °C, 960 °C, and 1000 °C with 570 °C, 825 °C, and 960 
°C as the random point to ascertain the intermediate reaction products. 
The thermogravimetric–difference thermal analysis measurement 
showed an overall weight gain of 1.52 %, which could be accounted by the 
formation of Ba[NiN]. Most likely barium would evaporate at such high 
temperature (1250 °C) however, an exact weight balance is difficult to assign 
due to the fact that nickel from the crucible is also reacting simultaneously at 
such this temperature.  
The subsequent thermogravimetric–difference thermal analysis powder 
X–ray diffraction measurements were carried out up to the onset temperature 
of exothermic and endothermic peaks that revealed the reaction pathway 
towards the formation of Ba[NiN]. The powder X–ray diffraction patterns 
obtained at various temperatures exhibits an interesting phenomenon of phase 
transformation.  
Powder X–ray diffraction measurement (Figure 4.1.19) of  the starting 
material subjected to thermogravimetric–difference thermal analysis at 570° 
C shows only the starting materials viz, Ba2N and Ni thus, indicating that the 
maximum temperature is less than required to initiate the forward reaction.   
 On heating up to 825°C (Figure 4.1.20), the powder X–ray diffraction 
Chapter 4.1                                                                                       Ba2[Ni3N2]                        
 
 
 62
pattern reveals the formation of slight amounts of Ba[NiN] with excess of the 
starting materials as, Ba2N and nickel, this could be considered as the reaction 
onset temperature due to the formation of slight amount of Ba[NiN]. 
 
 
Figure 4.1.19  Powder X–ray diffraction pattern (using Cu Kα1 radiation) after cooling from  
 570°C showing the presence of only Ba2N and nickel.  
 
  
Figure 4.1.20  Powder X–ray diffraction pattern (using Cu Kα1 radiation) after cooling from 
 825°C showing the presence of Ba[NiN], Ba2N, nickel and Ba2(Ba6N)[NiN]6.  
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Figure 4.1.21  Powder X–ray diffraction pattern (using Cu Kα1 radiation) after cooling from  
 870°C. The inset with square boxes on the right clearly indicates the present 
 phases. 
 
 
Figure 4.1.22 Powder X–ray diffraction pattern (using Cu Kα1 radiation) after cooling from   
 960°C showing the presence of Ba[NiN] as predominant phase along with some 
 nickel.  
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Figure 4.1.23 Powder X–ray diffraction pattern (using Cu Kα1 radiation) after cooling from  
 1000°C showing the presence of Ba2[Ni3N2] and Ba[NiN] along with some nickel. 
After further heating up to 870°C (Figure 4.1.21), the powder X–ray 
diffraction pattern showed the formation of Ba2(Ba6N)[NiN]6 as predominant 
phase along with slight Ba[NiN]. This indicates that Ba2(Ba6N)[NiN]6 is a 
metastable phase with a very narrow temperature stability range as indicated 
on further heating the sample up to 960°C (Figure 4.1.22) whose powder X–
ray diffraction pattern was showing the presence of Ba[NiN] with very slight 
nickel.  
After heating further up to 1000°C (Figure 4.1.23) another phase  
Ba2[Ni3N2] appears along with Ba[NiN] and slight nickel. Finally the 1250°C 
(Figure 4.1.18) heat treatment yielded the Ba[NiN] as the predominant phase. 
 The systematic thermogravimetric–difference thermal analysis powder 
X–ray diffraction investigation of the ternary system Ba – Ni – N shows the 
successive formation of three metastable phases with increasing temperature. 
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Figure 4.1.24 Figure showing the powder X–ray diffraction pattern (using Cu Kα1 radiation) for  
 the thermogravimetric–difference thermal analysis measurements. (a) powder X– 
 ray diffraction pattern of Ba2[Ni3N2] obtained after heating at 950°C for 36 hours  
 under flowing N2 gas, (b) calculated powder X–ray diffraction of Ba2[Ni3N2], (c)  
 calculated powder X–ray diffraction pattern of nickel element, (d) powder X–ray  
 diffraction pattern obtained after thermogravimetric–difference thermal analysis at  
 950°C under N2 gas, (e) powder X–ray diffraction pattern obtained after  
 thermogravimetric–difference thermal analysis at 1250°C under N2 gas, (f)  
 calculated powder X–ray diffraction pattern of Ba[NiN]. 
Ba[NiN] is undoubtedly the stable phase over a wide temperature range 
compared, to other two known phases Ba2[Ni3N2] and Ba2(Ba6N)[NiN]6 
where a narrow range of temperature stability, as observed to be appearing 
over a broad temperature range. Nickel metal was present as the only 
impurity at each of these high temperatures thermogravimetric–difference 
thermal analysis powder X–ray diffraction analysis, apart from the ternary Ba 
– Ni – N phases. The thermogravimetric–difference thermal analysis powder 
X–ray diffraction measurement for the pure phase product of Ba2[Ni3N2] at 
two different temperatures viz., 950°C, and 1250°C were also carried out. 
The powder X–ray diffraction pattern (Figure 4.1.24) obtained for the final 
product reveals the formation of Ba[NiN] as the final phase. This further hints 
towards the higher stability of Ba[NiN] phase over the other known phases.  
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Chapter 4.2                Ba2(Ba6N)[NiN]6
4.2.1 Synthesis 
Ba2(Ba6N)[NiN]6 was synthesised as single phase product by reaction of 
stoichiometric amounts of Ni powder and Ba2N under flowing nitrogen at 
1123 K for 200 hours by slow heating and slow cooling with subsequent re–
grinding and re–pelleting. The pure phase product was characterized by 
powder X–ray diffraction and elemental analysis. Figure 4.2.1 shows the 
calculated and observed powder X–ray diffraction patterns of 
Ba2(Ba6N)[NiN]6, Table 4.2.1 shows the results of elemental analysis. 
 
Figure 4.2.1 Calculated and observed powder X–ray diffraction patterns (using Cu Kα1 radiation) of 
Ba2(Ba6N)[NiN]6. 
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 Table 4.2.1.  Results of elemental analyses for Ba2(Ba6N)[NiN]6
Formula Ba2(Ba6N)[NiN]6
Elements Obs. (e.s.d.) / mass % Calc.(e.s.d.) / mass % 
Ba 72.66 (0.26) 70.93 
Ni 24.57 (0.67) 22.74 
N 06.33 (0.09) 06.33 
O Below detection limit 00.00 
Total 103.56 % 100.00 % 
4.2.2 Crystal Structure 
The crystal structure of Ba2(Ba6N)[NiN]6 has been earlier reported by A. 
Gudat et al [27]. The unit–cell parameters obtained from the refinement of 
single phase powder X–ray diffraction are similar to the data reported earlier. 
Table 4.2.2 shows the unit–cell parameters of both the earlier reported and the 
currently observed sample. 
Table 4.2.2.   Reported [27] and observed lattice parameters for  
   Ba2(Ba6N)[NiN]6. 
 Parameters Reported Observed 
a 948.7 (4) pm 946.9 (1) pm 
b 1657.8 (6) pm 1649.0 (3) pm 
c 1213.7 (7) pm 1208.8 (2) pm 
β 107.05 (5) ° 107.39 (8) ° 
Volume 1908. 8 × 109 pm3 1887.4 × 109 pm3
Space group C2/c C2/c 
Z 4 4 
The characteristic feature of the crystal structure are the infinite one – 
dimensional helical [Ni – N] zigzag chains (Figure 4.2.2) in addition to 
individual Ba6N octahedra and isolated Ba atoms. (Figure 4.2.3). The N – 
atoms are surrounded in three different types of octahedral co – ordinations: 
N(4)Ba6, N(2)Ba4Ni2(cis) and N(1,3,5)Ba4Ni2(trans). A detailed description of  
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the crystal structure is already reported [27]. Here, the physical properties of 
Ba2(Ba6N)[NiN]6 are discussed which have not been investigated earlier. 
 
Figure 4.2.2 Infinite one–dimensional helical [Ni – N] zigzag chains in the crystal structure  
 Ba2(Ba6N)[NiN]6. The bond distances between Ni – N and Ni…Ni distances are 
 shown in picometer. 
 
4.2.3 Physical Properties 
4.2.3.1  Magnetic Susceptibility 
Magnetic properties of Ba2(Ba6N)[NiN]6 were determined by magnetic 
susceptibility measurements of polycrystalline (fine powder) samples sealed 
inside quartz glass tubes under 400 mbar pressure of Helium gas. 
The determination of magnetic properties of Ba2(Ba6N)[NiN]6 was 
affected by a small amount of ferromagnetic component in the magnetization 
(due to nickel). The amount of nickel was calculated as described in Chapter 
2. The nickel content, as determined by magnetic susceptibility measurement 
was 200 ppm of the bulk sample and that is too less to be detected by any 
other analytical method. 
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Figure 4.2.3 Inverse magnetic susceptibility (1/χ) of Ba2(Ba6N)[NiN]6 as a function of temperature 
for B = 35 kOe, 70 kOe, and its extrapolation to “∞ field.” The inset shows the low 
temperature magnetic susceptibility at high magnetic fields. 
The magnetic susceptibility behaves similar for different magnetic 
fields. The inverse magnetic susceptibility versus temperature is shown in 
Figure 4.2.3. A Curie – Weiss behaviour is observed in the temperature range 
between 100 K and 200 K. The effective magnetic moment obtained after 
calculation (µeff) is 2.3 Bohr magnetons per formula unit which is less than 
the theoretical value for five S = ½, Ni+1 ions (3.87 Bohr magnetons) and one 
Ni0. This difference in value of the effective magnetic moment might be due 
to the fact that Ba2(Ba6N)[NiN]6 is a metallic compound and therefore, the 
magnetic moments are delocalized. Another possibility could be that two S = 
½ Ni+1 ions could pair up forming a dimer and thus giving rise to a non – 
magnetic species which might give a low value for the effective magnetic 
moment. In the crystal structure of Ba2(Ba6N)[NiN]6 it could be speculated 
that at the corner sites of Ni – N chains where the helical chains bend, and the 
two nickel atoms coming quite close to each other to form dimer and thus 
give rise to non–magnetic species. It may be speculated that an 
 
 69
Chapter 4.2                                                                              Ba2(Ba6N)[NiN]6                       
 
antiferromagnetic transition occurs at TN (Néel temperature) ≅ 18 K 
(magnetic field = 35 kOe), which was observed to be decreasing with 
increasing magnetic field. This was observed to be consistent with a change 
in the slope of the electrical resistivity curve at approximately 18 K. 
The average oxidation state of nickel in Ba2(Ba6N)[NiN]6 is “+0.83” 
however the formal charge balance requires that the one nickel atom has the 
oxidation state of 0 while the other five have +1. These low oxidation state of 
nickel is speculated based on the X-ray absorption spectroscopy (discussed 
later in the chapter). The specific location of 0 and +1 nickel atoms in the 
crystal structure is a challenging task which is often encountered in the 
metallic systems due to the coupling of magnetic moments as discussed 
above. 
4.2.3.2 Electrical Resistivity 
 
Figure 4.2.4   Electrical resistivity of Ba2(Ba6N)[NiN]6. The inset shows the electrical resistivity 
at low temperature. 
 
 70
Chapter 4.2                                                                              Ba2(Ba6N)[NiN]6                       
 
The electrical resistivity measurement of Ba2(Ba6N)[NiN]6 was 
performed on a pure phase powder sample by the Van–der–Pauw method in a 
sapphire cell. 
 The linear dependence of resistivity (Figure 4.2.4) above T  ≥ 25 K 
indicates metallic behaviour (13 × 10-5  Ω m at 300 K), the resistivity at 18 K 
is 4.8 × 10-5 Ω m which indicates that Ba2(Ba6N)[NiN]6 is a good metallic 
conductor. However the resistivity starts to increase below 20 K which 
corresponds well with the feature in magnetic susceptibility around same 
temperature (cf Figure 4.2.3), though the correlation between this anomaly 
has no direct indication towards magnetic ordering. The resistivity increases 
slightly at 4.5 K to 5.8 × 10-5 Ω m without any signs of saturation.  
4.2.3.3 Electron Spin Resonance Spectroscopy   
 
Figure 4.2.5 Electron Spin Resonance spectra of Ba2(Ba6N)[NiN]6 at: 4.5 K (blue), and 8.0 K  
 (black).  
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 Electron spin resonance spectroscopy was employed (Bruker Elexsys, 
E500, 9.4 GHz). The measurements were performed in the temperature range 
of 4.2 K – 25.0 K, which was enabled by a helium gas flow cryostat. 
 Ba2(Ba6N)[NiN]6 shows a well defined ESR signal which is shown in 
the Figure 4.2.5 for the temperature at 4.5 K and 8.0 K, and with g = 2.253 
and 2.498, respectively. These values for the g factor might be expected for 
paramagnetic Ni1+ ions [145 – 147], which is also confirmed by the magnetic 
susceptibility measurements and X–ray absorption spectroscopy. The weak 
feature observed in the spectra below 1500 Oe is due to the background and 
does not correspond to sample properties. 
 Figure 4.2.6 shows the temperature dependence of the ESR parameters 
(line width (∆H), intensity (I), and resonance field (Hres)). On varying the 
temperature a shift in the resonance line in the magnetic field (H) is observed 
reflecting the above mentioned change of the g–value. ESR probe spin (Ni1+), 
which shows a decrease at 6K, Figure 6 (c) show dynamical effects due to the 
different kinds of electronic situations in the compound. 
 The decrease in the g value from 2.498 to 2.253 on decreasing 
temperature from 8.0 K to 4.5 K indicates a decrease in the effective 
magnetic moment. This decrease in the effective magnetic moment is 
reflected in the decreased intensity of the transition at 6 K. This decrease in 
the intensity corresponds to the decrease in the number of spin probes charge 
carriers which are directly proportional to the intensity of ESR. The decrease 
in the intensity which is also proportional to χo, may be speculated to be 
occurring due to the dimerization of Ni1+ ions, which in case of 
Ba2(Ba6N)[NiN]6 might be expected to be occurring at the site where the Ni – 
N chain bends thus bringing the two Ni1+ ions quite close to each–other.  
 The correspondence of the lower than expected effective magnetic 
moment obtained from magnetic susceptibility and the decrease in the g value 
as observed in the ESR spectra hints towards the speculation that there is spin 
dimerization occurring at low temperatures. However, there was no 
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observation of the change of intensity in the ESR signal at 18 K (Figure 
4.2.6) and no anomaly was observed in the magnetic susceptibility at 6 K. 
However, the 18 K anomaly coincides in magnetic susceptibility and 
electrical resistivity data. 
           
Figure 4.2.6 The extracted values of (a) Hres, (b) I, and (c) ∆H, with respect to temperature for the 
electron spin resonance spectra of Ba2(Ba6N)[NiN]6. 
 The non-coincidence of the 6 K transition observed in ESR 
spectroscopy with magnetic susceptibility is a matter of further theoretical 
and experimental investigation. Low temperature (between 0 – 20 K) crystal 
structure investigations should be performed in order to further understand 
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the low temperature structural behaviour of Ba2(Ba6N)[NiN]6. Quantitative 
ESR spectroscopic measurements seem to be promising in quantifying the 
total number of spins contributing above and below the 6 K transition. 
4.2.3.4 X – ray Absorption Near Edge Structure 
 Spectroscopy  
 
Figure 4.2.7 X–ray absorption spectra of Ba2(Ba6N)[NiN]6 at 5 K and 300 K compared with  
 Ni(0) and NiO standards. The feature observed before 8320 eV appears due to the  
 different concentration of nickel in the sample that was prepared for the XAS  
 measurement however it is not due to sample properties. The dotted lines indicate  
 the absorption edge for nickel with 0 and +2 oxidation states.  
 The electronic configuration of nickel in Ba2(Ba6N)[NiN]6 was also 
determined by using X–ray absorption near edge structure spectroscopy at the 
K–threshold of nickel. The X–ray absorption spectra for Ba2(Ba6N)[NiN]6 at 
5 K and 300 K are shown in Figure 4.2.7 along with the absorption spectra of 
nickel metal foil and NiO, which were used as the standard reference for 
nickel with “0” and +2 oxidation states respectively. The X–ray absorption 
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spectra of Ba2(Ba6N)[NiN]6 show various contributions to the fine structure 
near the nickel K–edge. The secondary peaks are more visible from the 
derivative curve which shows at least four distinct maxima in the low energy 
region of the absorption edge. The comparison of the derivative curves, at 5 
K and 300 K, is shown in Figure 4.2.8. The energies as well as the intensities 
of these features are temperature independent which is shown by the spectra 
at 5 K and 300 K.  
 
Figure 4.2.8 X-ray absorption plot of the derivative curves at different temperatures compared  
 with Ni(0) and NiO. The feature observed before 8320 eV appears due to the 
 different concentration of nickel in the sample that was prepared for the XAS 
 measurement however it is not due to sample properties. The dotted lines indicate 
 the absorption edge for nickel with 0 and +2 oxidation states. 
 In the low energy regions the X–ray absorption  spectra at both 
temperatures show a close similarity to the nickel spectrum with respect to 
position and shape of the K–edge indicating a low valence state of nickel in 
Ba2(Ba6N)[NiN]6. Differences start to occur at the first maximum (first dotted 
line at lower energy in Figure 4.2.8) which is reduced in Ba2(Ba6N)[NiN]6 
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compared to the nickel spectrum. The occurrence of this maximum is due to 
the main contribution at the nickel K–edge caused by the dipole excitation of 
1s–state electrons to unoccupied 4p–states above the Fermi energy level. This 
feature is observed in most of the alkaline earth nitridonickelates. As 
observed in other alkaline earth nitridonickelates, the absorption behaviour of 
nickel and of Ba2(Ba6N)[NiN]6  are very similar in the low energy region. In 
case of the nickel spectrum it was found that the absorption behaviour is 
dominated by the contribution of the unoccupied 3d–levels on the l = 1 
projection of the density of states in this energy range. The coincidence of 
both the spectra (i.e., Ba2(Ba6N)[NiN]6  and nickel) in this energy region 
indicates a similar 3d–level configuration for nickel and Ba2(Ba6N)[NiN]6. 
This relation has to be further proved by theoretical calculations of the 
absorption coefficient which should also give some hints towards the 
different nickel configurations in nickel and Ba2(Ba6N)[NiN]6 from the 
absorption behaviour near to the first maximum. On qualitative comparison, 
the unaltered absorption spectra of Ba2(Ba6N)[NiN]6 show that the l = 1 
projection of density of states is temperature independent. 
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Chapter 4.3                            Ba[NiN] 
4.3.1 Synthesis 
Ba[NiN] was synthesised as pure phase by the reaction of stoichiometric 
amounts of Ni powder and Ba2N under flowing nitrogen at 1163 K for 1000 
hours by slow heating and slow cooling with intermediate re–grinding and 
re–pelleting. The pure phase product was characterized by powder X–ray 
diffraction and elemental analysis. Figure 4.3.1 shows the calculated and 
observed powder X–ray diffraction patterns of Ba[NiN], Table 4.3.1 shows 
the results of the elemental analysis. 
 
Figure 4.3.1 Calculated and observed powder X–ray diffraction patterns (measured using Cu Kα1 
radiation) of Ba[NiN] . 
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Table 4.3.1.  Results of elemental analyses for Ba[NiN] 
Formula Ba[NiN] 
Elements Obs. (e.s.d.) / mass % Calc.(e.s.d.) / mass % 
Ba 68.42 (0.80) 65.39 
Ni 28.21 (0.29) 27.94 
N 6.60 (0.17) 6.67 
O Below detection limit 0.00 
Total 103.23 % 100.00 % 
4.3.2 Crystal Structure 
The crystal structure of Ba[NiN] has been earlier reported by A. Gudat 
et al [26]. The unit–cell parameters obtained from the refinements of pure 
phase powder X–ray diffraction are similar to the earlier reported data. Table 
4.3.2 shows the unit–cell parameters of earlier reported and currently 
observed sample of Ba[NiN]. 
 Table 4.3.2.  Reported [26] and observed lattice constant of Ba[NiN]. 
Parameters Reported Observed 
a  963.9 (3) pm 965.8 (5) 
b 1367.4 (2) pm 1363.6 (7) 
c 543.2 (1) pm 543.0 (3) 
Volume 715.9 × 109 pm3 715.2 × 109 pm3
Space group Pnma Pnma 
Z 12 12 
 The characteristic feature of crystal structure is formed by the infinite 
one – dimensional [Ni – N] zigzag chains (Figure 4.3.2). The N–atoms are 
surrounded in two different types of octahedral coordinations: 
N(1)Ba4Ni2(trans), and N(2)Ba4Ni2(cis) with nickel atoms in cis and trans 
positions. Detailed description of the crystal structure is already reported [26]. 
Here, the physical properties of Ba[NiN] are only discussed that were not 
investigated earlier. 
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Figure 4.3.2 Infinite one–dimensional [Ni – N] zigzag chain in the crystal structure of Ba[NiN].  
 The bond length between Ni – N and distances between Ni…Ni are shown in  
 picometer. 
4.3.3 Physical Properties 
4.3.3.1 Magnetic Susceptibility 
 
Figure 4.3.3 Inverse magnetic susceptibility (1/χ) of Ba[NiN] as a function of temperature for B = 
35 kOe, 70 kOe, and its extrapolation at infinite field. The inset shows the low 
temperature magnetic susceptibility at high magnetic fields. 
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Magnetic properties of Ba[NiN] were determined by magnetic 
susceptibility measurements of the polycrystalline (fine powder) samples 
sealed inside quartz glass tubes under 400 mbar pressure of helium gas. The 
data were corrected for the diamagnetic contribution due to glass (SiO2). The 
determination of magnetic properties of Ba[NiN] was affected by a small 
amount of a ferromagnetic component in the magnetization (due to metallic 
nickel). The magnetic susceptibility of Ba[NiN] was extracted in a similar 
way as described in Chapter 2. 
The magnetic susceptibility determined in this way behaves similar for 
the different magnetic fields. The inverse magnetic susceptibility versus 
temperature plot (Figure 4.3.3) shows a Curie – Weiss behaviour in the 
temperature range of 100 K – 400 K. The effective magnetic moment 
obtained after calculation (µeff) is found to be 1.5 Bohr magnetons per 
formula unit, which is roughly close to the theoretical value for a Ni+1 ion 
(1.73 Bohr magnetons). The antiferromagnetic transition occurs at the TN 
(Néel temperature) ≅ 20 K (magnetic field = 35 kOe). The increase in the 
susceptibility at low temperature may be due to the field induced 
ferromagnetic components. 
4.3.3.2 Electrical Resistivity 
The electrical resistivity measurement of Ba[NiN] was performed on a 
pure phase powder sample by Van–der–Pauw method in a sapphire cell. The 
approximately linear decrease of resistivity (Figure 4.3.4) with respect to 
decreasing temperature indicates the metallic behaviour of Ba[NiN]. The 
resistivity decreases down to 20 K and around 10 K it starts to saturate due to 
the residual resistivity. The residual electrical resistivity at 1.8 K is                 
5 x 10-8 Ω m, which is quite low. The resistivity at 300 K is 34 x 10-8 Ω m, 
which indicates that Ba[NiN] is metallic with good electrical conductivity. 
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Figure 4.3.4 Electrical resistivity of Ba[NiN]. The inset shows the electrical resistivity at low 
temperature. 
4.3.3.3 X – ray Absorption Near Edge Structure 
 Spectroscopy 
The electronic configuration of nickel in Ba[NiN] was investigated 
also by using X–ray absorption near edge structure spectroscopy at the K–
threshold of nickel. The X–ray absorption spectra for Ba[NiN] at 5 K and 300 
K are shown in Figure 4.3.5 along with the absorption spectra of nickel metal  
and NiO, which were used as the standard reference for nickel with “0” and 
+2 oxidation states respectively. The X–ray absorption spectra of Ba[NiN] 
shows various contribution to the fine structure near the nickel K–edge. The 
secondary peaks are more visible from the derivative curve which shows at 
least four distinct maxima in the low energy region of the absorption edge. 
The comparison of the derivative curves, at 5 K and 300 K, is shown in 
Figure 4.3.6. The energies as well as the intensities of these features are 
temperature independent.  
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Figure 4.3.5 X – ray absorption spectra of Ba[NiN] at 5 K and 300 K compared with Ni(0) and  
 NiO standards. The feature observed before 8320 eV appears due to the different  
 concentration of nickel in the sample that was prepared for the XAS measurement  
 however it is not due to sample properties. The dotted lines shows the absorption  
 edge for the nickel with 0 and +2 oxidation state. 
 In the low energy region the X–ray absorption spectra at all 
temperatures show a close similarity to the nickel spectrum with respect to 
position and shape of the K–edge indicating a low valence state of nickel in 
Ba[NiN]. The difference starts to occur at the first maximum (shown by the 
dotted line at lower energy in Figure 4.3.4 and Figure 4.3.5) which is reduced 
in Ba[NiN] compared to nickel spectrum. The occurrence of this maximum is 
due to the main contribution at the nickel K–edge caused by the dipole 
excitation of 1s–state electrons to unoccupied 4p–states above the Fermi 
energy levels. This feature is observed in most of the alkaline earth 
nitridonickelates. As observed in other alkaline earth nitridonickelates, the 
absorption behaviour of elemental nickel and that of Ba[NiN] are very similar 
in the low energy region. In case of the nickel element spectrum it was found 
that the absorption behaviour is dominated by the contribution of the 
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unoccupied 3d–levels on the l = 1 projection of the density of states in this 
energy range.   
 
Figure 4.3.6 X-ray absorption plot of the derivative curves at different temperature compared  
 with Ni(0) and NiO. The feature observed before 8320 eV appears due to the  
 different concentration of nickel in the sample that was prepared for the XAS  
 measurement however it is not due to sample properties. The dotted lines shows  
 the absorption maxima for the nickel with 0 and +2 oxidation state. 
The coincidence of both spectra (i.e., Ba[NiN] and nickel element) in 
this energy region indicates a similar 3d–level configuration for nickel in the 
element and in Ba[NiN] compound. This relation has to be further proved by 
the theoretical calculations of the absorption coefficient which should also 
give some hint towards the different nickel configurations in the nickel 
element and Ba[NiN] compound from the absorption behaviour near to the 
first maximum. On qualitative comparison, the unaltered absorption spectra 
of Ba[NiN] show that the l = 1 projection of the density of states is 
temperature independent. 
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Chapter 4.4  
Structure Field : (Ca, Sr, Ba)8Ni6N7 
 
 With an aim to get deeper insight into the structural stability and a 
possible homogeneity range of the Ba2(Ba6N)[NiN]6 structure type, reactions 
were carried out by gradually substituting barium by either calcium or 
strontium. Interesting results were observed with respect to the structural 
stability. Table 4.4.1 lists all the starting stoichiometries that were 
investigated. 
Table 4.4.1 Starting compositions for the investigation of the structure field 
of the Ba2(Ba6N)[NiN]6 structure type. 
Ba:Sr Ba:Ca Ba:Sr:Ca 
7:1 7:1 6:1:1 5:2:1 4:3:1 3:4:1 2:5:1 1:6:1 
6:2 6:2  5:1:2 4:1:3 3:3:2 2:4:2 1:5:2 
5:3 5:3   4:2:2 3:2:3 2:3:3 1:4:3 
4:4 4:4    3:1:4 2:2:4 1:3:4 
3:5 3:5     2:1:5 1:2:5 
2:6 2:6      1:1:6 
1:7 1:7       
8:0:0 
 The compounds were synthesized by mixing the binary nitrides in an 
appropriate molar ratio along with nickel metal powder. The compacted 
pellets were heated in the temperature range of 1123 K to 1273 K in a 
standard quartz tube reactor using a nickel crucible under nitrogen gas flow 
for 36 hours. The products obtained were dark gray in color and 
polycrystalline.  
 Here, the results are presented from indexing and refinements 
performed on the powder X–ray diffraction patterns obtained from the 
polycrystalline compound. 
 The unit cell volume for the ternary compositional phase diagram of 
the starting compositions is shown in Figure 4.4.1. 
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Ba2(Ba6N)[NiN]6 structure type Phase.
Slight amount of Ba2(Ba6N)[NiN]6 structure
type with unknown phase.
a = 720.6 (5),   b = 399.1 (3),   c = 347.9 (10)).
a = 756.8 (10), b = 594.6 (20), c = 354.8 (10)).
a = 811.2 (7),   b = 756.2 (8),   c = 369.5 (7)).
a = 820.3 (2),   b = 653.3 (3),   c = 349.8 (6)).
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Unit cell volume for Ba2(Ba6N)[NiN]6 structure type 
 
Figure 4.4.1 Ternary phase diagram for the starting compositions. Different symbols indicate 
the region for which any one phase was observed with slight variation in lattice 
parameters as determined from powder X-ray diffraction using Cu Kα1 radiation. 
Standard deviations are given inside the parenthesis. The change in shading of 
circles indicates the variation in the unit cell volume from pure Ba2(Ba6N)[NiN]6 
phase on gradual substitution with strontium or calcium. The volume decreases 
gradually on substituting the large barium atom by smaller strontium and calcium 
atoms. The inset gives hint to understand the subsequent figures in this chapter that 
are discussed later in the chapter. 
  
 The substitutional phase diagram is mainly dominated by the 
Ba2(Ba6N)[NiN]6 structure type (shown in Figure 4.4.1 by differently shaded 
circles) over a wide range of substitution of barium by either strontium and 
calcium with variation in lattice parameters. A very narrow region shows the 
change in structure and symmetry at the low barium concentration thus 
indicating the instability to exist in Ba2(Ba6N)[NiN]6 structure type on 
decreasing barium concentration in the crystal structure. However in this 
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narrow region also a homogeneity range is found for the phase that is 
forming, this can be easily observed by looking at the lattice constants they 
exhibit (Figure 4.4.1). 
 Figure 4.4.2 shows volume and lattice parameters obtained by gradual 
substitution of barium by strontium. Likewise, Figure 4.4.3 shows volume 
and lattice parameters for the substitution of barium by calcium. 
 
Figure 4.4.2 Lattice parameters observed for different Ba and Sr ratio in the starting 
stoichiometries for the synthesis of (Ba8-xSrx)Ni6N7 (1 ≤ x ≤ 8) The units for the 
lattice parameters are in picometer, the angles are given in degrees 
 On substitution of barium by strontium (cf Figure 4.4.2) the structure 
remains to be Ba2(Ba6N)[NiN]6 type with only variations in the lattice 
parameters which are expected to occur following the substitution of large 
atoms by smaller ones (cf Vegard’s law). Similar trend of Ba2(Ba6N)[NiN]6 
structural stability is observed in case of substituting barium by calcium only 
up to a certain concentration of calcium over barium where it usually follows 
the Vegard’s law and remains mainly as Ba2(Ba6N)[NiN]6 structure type. 
However, on further increasing the calcium concentration the structural 
change occurs. 
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Figure 4.4.3 Lattice parameters observed for different Ba and Ca ratios in the starting 
compositions for the synthesis of (Ba8-xCax)Ni6N7 (1 ≤ x ≤ 8). The units for the 
lattice parameters are in picometer, the angles are given in degrees. 
 
 
Figure 4.4.4 Lattice parameters observed for different Ba, Sr and Ca ratio in the starting 
stoichiometries for the synthesis of [Ba:Sr:Ca]8Ni6N7. The units for the lattice 
parameters are in pico meter, the angles are given in degree 
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 Similar observations were made for the system where in barium is 
substituted by strontium and calcium simultaneously. This is shown in Figure 
4.4.4 and Figure 4.4.5. 
 
 
Figure 4.4.5 Lattice parameters observed for different Ba, Sr and Ca ratio in the starting 
stoichiometries for the synthesis of [Ba:Sr:Ca]8Ni6N7. The units for the lattice 
parameters are in picometer, the angles are given in degree 
 
 Ba2(Ba6N)[NiN]6 structure exhibits good tolerance over a wide range 
for the substitution of barium by either strontium and calcium however, at 
lower barium concentration this structural limit breaks (cf Figure 4.4.1) 
resulting in the formation of phases with different crystal symmetry. This 
study which was mainly performed on the polycrystalline samples motivates 
further investigation to understand the phenomena of substitution in more 
detail, to characterize the crystal structures of different phases that are 
forming apart from Ba2(Ba6N)[NiN]6 structure type, to ascertain the 
maximum limit of substitution, and to provide information on the site specific 
nature of barium substitution in the crystal structure of Ba2(Ba6N)[NiN]6. 
These questions could be better answered with the help of single crystal 
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structure investigation, the attempts to produce good quality single crystals 
for single crystal X-ray diffraction studies were unsuccessful.  
 A partial success to understand the phenomena and site specific nature 
of substitution was achieved from the calculation of powder diffraction 
pattern by substituting the various barium positions by strontium and calcium 
atoms in the crystal structure data of unsubstituted Ba2(Ba6N)[NiN]6. The 
powder pattern obtained by such speculative calculation on the variation of 
occupational factors gave a preliminary understanding on the effect of 
substitution. The results obtained hint towards the preferential occupation of 
Ba(1) and Ba(2) crystallographic positions on substituting barium by 
strontium while, the substitution of barium by calcium was preferred at Ba(4) 
and Ba(5) crystallographic positions. For the substitution of barium by 
strontium and calcium simultaneously the occupation factor could not be 
ascertained from the calculation though, it could be speculated to be 
occurring in accordance with the observations made in case of the 
substitution of barium by strontium and calcium individually thus giving an 
empirical formula: Ba8-x-ySrxCay[NiN]6 (0 ≤ x ≤ 7, 0 ≤ y ≤ 5). 
 The site preferred substitution could be  speculated to be occurring due 
to two reasons: 1. the ionic radii of calcium, strontium and barium, 2. the 
different bond distances between various Ba-N coordination in 
Ba2(Ba6N)[NiN]6 crystal structure. The comparable ionic radii of atoms 
should prefer the substitution at the atoms located at the larger bond distances 
which would have least effect on the crystal structure geometry. In case of the 
occupancy of strontium on Ba(1) and Ba(2) crystallographic positions, its 
comparable ionic radii with barium (Sr2+ = 192 pm, Ba2+ = 198 pm), allows 
to replace the Ba(1) and Ba(2) crystallographic positions without altering the 
crystal structure geometry. In the crystal structure of Ba2(Ba6N)[NiN]6 the 
Ba(1) and Ba(2) atoms are coordinated with N-atom forming isolated Ba6N 
octahedra and they are also coordinated with the N-atoms forming 
nitridonickelate anion. Thus, the strontium substitution could yield the 
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empirical formula of Ba2-xSrx(Ba6-xSrxN)[NiN]6 (0 ≤ x ≤ 7). Similarly the 
preferential substitution of barium by calcium at Ba(4) and Ba(5) 
crystallographic position could be accounted for its smaller ionic radii (Ca2+ = 
174 pm) that could be accommodated at the short bond distances between 
barium and nitrogen in the crystal structure of Ba2(Ba6N)[NiN]6 without 
altering the crystal structure geometry. The Ba(4) and Ba(5) atoms are only 
coordinated with the nitridonickelate anion and does not participate in the 
formation Ba6N octahedra thus empirically it could be written as Ba2-
xCax(Ba6N)[NiN]6 (0 ≤ x ≤ 5). The precise value of x and y in case of 
strontium and calcium substitution can only be ascertained from the single 
crystal structure investigation however, here they should be assumed from the 
starting composition as shown in Table 4.4.1. The five barium-nitrogen 
coordinations are shown in Figure 4.4.6. 
 
                     
Figure 4.4.6                The Ba-atom coordination with N-atom in the crystal structure of  
                                     Ba2(Ba6N)[NiN]6, the bond distances are shown in picometer. 
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 The results obtained in this exploratory work motivates to investigate 
the single crystal structure of substitutional phases more precisely, it would 
also be very interesting to study their physical properties to understand the 
effect of substitution. The unsubstituted barium compound Ba2(Ba6N)[NiN]6 
(cf Chapter 4.2) has been found to exhibit the structure specific physical 
properties and thus a better understanding could be obtained on the structure 
property relationship in these system. 
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Chapter 5              Ba[(Ni1-xCux)N] 
Solid solutions are well known to exhibit the hybrid properties [105 – 108] 
of either of the substitution elements, and form the most commonly occurring 
class of alloy phases in the solid state. These phases are challenging to study 
both theoretically and experimentally due to the topology and disorder 
associated with their crystal structures [109]. The electronic properties and the 
nature of chemical bonding in such compounds have made a significant 
contribution to the development of the quantum chemistry of the solid state 
[110 – 115]. Due to the unique combination of a series of physicochemical 
properties, solid solutions are exceptionally important [16, 116 – 117]. Metal 
doping as a way to interpret the role of different metal sites in various 
superconductors is well known [118 – 212]. As metals Cu and Ni are completely 
soluble into each other [124 – 126] and thus, Cu–Ni systems provide a nearly 
perfect example of a random solid solution [127]. Cu–Ni alloys find several 
applications in industry and research [128 – 129]. The high temperature refractory 
transition metal nitrides and their solid solutions constitute an extensive class 
of compounds which are interstitial phases [16, 130 – 131]. Solid solutions of 
mixed alkali, alkaline earth, transition metal nitrides have been earlier 
reported in nitridometalates as well [94, 132 – 135]. Among nitridometalates 
interesting structural features were observed [22, 23, 29, 136, 137], in certain cases 
the ionic conductivity of compounds increases with the increasing amount of 
cation in the interstices generated mainly due to anion, e.g., Li2Li1-xNixN [22] 
and Ba2(Ni1-xLi)Ni2N2 [29]. Possible types of solid solution include 
substitutionals, interstitials, and omissions. Substitutional solid solutions are 
the most common type of ionic substitution and are also observed in Ba[(Ni1-
xCux)N]. The synthesis, and crystal structure of Ba[Cu0.31Ni0.69N] are 
discussed in detail and  compared with the earlier reported Ba[CoN] [82]. 
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5.1  Synthesis 
The title compound was synthesized from Ba2N, Cu, and Ni in the 
appropriate composition by heating at 1123 K for 24 hours in a usual quartz 
glass tube reactor. The polycrystalline phase is dark gray in color and single 
crystals are irregular shaped and black shining. The polycrystalline samples 
as well as the single crystals were characterized by X-ray diffraction. Single 
crystal data show that Ba[Cu0.31Ni0.69N] is isostructural to the Ba[CoN] [82] 
that is earlier reported. For a discussion of this behaviour, see later in the 
chapter. Figure 5.1 shows the powder X-ray diffraction pattern of a sample 
Ba[(Cu0.31Ni0.69)N] as observed and compared with a powder X-ray 
diffraction pattern calculated from the single crystal X-ray diffraction data of 
Ba[Cu0.31Ni0.69N]. X-ray powder diffraction investigations performed on 
different polycrystalline samples of the solid solution series Ba[(Ni1-xCux)N] 
are discussed later in the chapter. 
5.2  Crystal Structure  
A suitably sized single crystal of Ba[Cu0.31Ni0.69N] was sealed inside a 
glass capillary for X-ray diffraction intensity data collection on a Rigaku 
Corporation diffractometer with MoKα radiation using a graphite-
monochromator in the angular range 3.48° ≤ θ ≤ 71.97° (330°- φ - scan, 60° -
ω-scan at χ = 90°, 0.6° steps, exposure time per step 150 s, detector distance 
= 40 mm, 2θ offset = -10.00°). The data were corrected for Lorenz and 
polarization effects. A multi-scan absorption correction was applied. The 
Laue method was used initially to check the quality of single crystals, and 
possible twinning of crystals. The structure was solved by direct methods 
using the program SHELXS – 97 – 2 [32]. Fourier calculations and subsequent 
full-matrix least-square refinements were carried out using the program 
package SHELXL – 97 – 2 [33] applying neutral-atom scattering factors.  
 
 93
Chapter 5                                                                                     Ba[Ni1-xCuxN]                        
 
Ba[Cu0.31Ni0.69N] crystallizes in the orthorhombic space group Pnma 
(No. 62)  (a = 952.79 (3) pm, b = 2343.42 (5) pm, c = 549.25 (2) pm, V = 
1226.36 (6) x 106 pm3. The room temperature powder X-ray diffraction data 
corresponds well with these values of lattice constants within the margin of 
standard deviations. Table 5.1 shows the crystallographic and refinement 
data; positional and displacement parameters are given in Table 5.2 a & 5.2 b. 
Selected distances and angles are given in Table 5.3 a & 5.3 b. 
 
 
Figure 5.1 Calculated and observed powder X–ray diffraction pattern (measured using Cu Kα1 
radiation) for Ba[Cu0.31Ni0.69N].  ● indicates the presence of excess nickel.  
 Table 5.1  Crystallographic data for Ba[Cu0.31Ni0.69N] 
Compound Ba[Cu0.31Ni0.69N] 
Temperature of Measurement 293 K 
Crystal system Orthorhombic 
Space group Pnma (No. 62) 
a[pm] 952.79 (3) 
b[pm] 2343.42 (5)  
c[pm] 549.25 (2) 
Cell volume [106. pm 3] 1226.36 (6)  
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α = β = γ  90° 
Z 20 
Calculated density ρ [g . cm-3] 5.72 
Formula weight  213.20 
Crystal color, habit Black shining, irregular 
Crystal size [mm3] 0.1 × 0.1 × 0.1 
µ(AgKα) [mm-1] 23.869 
2θ range [°] 2 – 60 
Miller-index range -25 ≤ h ≤ 24 
-35 ≤ k ≤ 50 
-12 ≤ l ≤ 14 
Diffractometer Rigaku 
Radiation, Wavelength X-ray, MoKα = 0.71070 Å 
Monochromator Graphite 
Measured reflections 9237 
Reflections for refinement 7323 
Observed reflections 
[Fo>4σ(Fo)] 
1788 
Rint 0.0258 
Structure solution method Direct methods 
Program for structure solution SHELXS – 97 – 2 [32]
Structure refinement method Direct methods 
Program for structure refinement SHELXL – 97 – 2 [33]
Number of Parameters 76 
Goodness-of-fit on F 2 1.481 
R values [Fo>4σ(Fo)] R1= 0.0281, wR2= 0.0175 
R values (for all data) R1= 0.0294, wR2= 0.0596 
Residual electron density  
[e x 10 –3 Å] 
1.34/ - 1.40  
 
Table 5.2a  Atomic co-ordinates and equivalent isotropic parameters [pm2] 
 for Ba[Cu0.31Ni0.69N] at 293 K. Standard deviations of the last 
 digit in the parenthesis. 
Atom Wyck. Occ. x y Z Ueq / Uiso
Ba1 8d 1 0.15712 (4) 0.04834 (1) 0.51015 (4) 0.01090 (8) 
Ba2 8d 1 0.33272 (3) 0.15112 (1) 0.03643 (5) 0.01133 (8) 
Ba3 4c 0.5 0.00805 (5) 1/4 0.00058 (0) 0.01021 (9) 
Cu1 8d 0.21672 0.16229 (6) 0.19738 (2) 0.52914 (5) 0.01116 (2) 
Cu2 8d 0.28527 0.50233 (9) 0.10430 (6) 0.52531 (1) 0.01139 (2) 
Cu3 4a 0.26293 0 0 0 0.01049 (2) 
Ni1 8d 0.78328 0.16228 (2) 0.19738 (2) 0.52914 (5) 0.01116 (2) 
Ni2 8d 0.71473 0.50233 (9) 0.10430 (6) 0.52531 (1) 0.01139 (2) 
Ni3 4a 0.23707 0 0 0 0.01049 (2) 
N1 8d 1 0.08400 (2) 0.14906 (4) 0.74720 (2) 0.01451 (7) 
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N2 8d 1 0.42399 (6) 0.05620 (4) 0.29603 (1) 0.01352 (7) 
N3 4c 1 0.23792 (7) 1/4 0.31496 (0) 0.01303 (9) 
 
Table 5.2b  Anisotropic displacement parameters [pm2] for Ba[Cu0.31Ni0.69N] 
 at 293 K. 
Atom U11 U22 U33 U23 U13 U12
Ba1 0.00937 (1) 0.01210 (2) 0.01125 (1) -0.00021 (1) 0.00046 (8) 0.00034 (9) 
Ba2 0.01013 (1) 0.01240 (2) 0.01146 (1) 0.00013 (8) -0.00052 (8) 0.00165 (9) 
Ba3 0.00924 (0) 0.01056 (2) 0.01083 (2) 0 0.00099 (1) 0 
Cu1 0.01197 (5) 0.01040 (3) 0.01111 (3) 0.00154 (2) 0.00049 (2) -0.00141 (2) 
Cu2 0.01214 (3) 0.01062 (3) 0.01140 (3) -0.00183 (2) -0.00050 (2) -0.00118 (2) 
Cu3 0.01205 (4) 0.00869 (4) 0.01074 (4) -0.00080 (4) 0.00083 (2) 0.00129 (3) 
Ni1 0.01197 (3) 0.01040 (3) 0.01111 (3) 0.00154 (3) 0.00049 (2) -0.00141 (2) 
Ni2 0.01214 (3) 0.01062 (3) 0.01140 (3) -0.00183 (2) -0.00050 (2) -0.00118 (2) 
Ni3 0.01205 (4) 0.00869 (4) 0.01074 (4) -0.00080 (2) 0.00083 (3) 0.00129 (3) 
N1 0.01601 (2) 0.01473 (2) 0.01279 (2) -0.00019 (2) 0.00142 (1) -0.00151 (1) 
N2 0.01339 (2) 0.01487 (2) 0.01231 (2) 0.00129 (2) -0.00007 (1) 0.00042 (1) 
N3 0.01088 (0) 0.01492 (2) 0.01329 (2) 0 0.00114 (2) 0 
 
Table 5.3a Selected distances in Ba[Cu0.31Ni0.69N], standard deviations of 
 the last digit in parentheses. (TE = Cu/Ni mixed occupancy) 
Atoms Bond length 
(pm) 
No. Atoms Bond length 
(pm) 
No. 
Ba1 – N1 278.4 (1) x 1 Ba3 – N3 278.9 (1) x 1 
Ba1 – N2 279.2 (1) x 1 TE1 – TE1 246.6 (1) x 1 
Ba1 – N2 280.8 (1) x 1 TE2 – TE3 244.8 (1) x 1 
Ba1 – N2 301.1 (1) x 1 TE1 – N1 180.9 (1) x 1 
Ba2 – N1 285.3 (1) x 1 TE1 – N3 185.0 (1) x 1 
Ba2 – N1 285.7 (1) x 1 TE2 – N1 180.7 (1) x 1 
Ba2 – N3 278.2 (1) x 1 TE2 – N2 184.8 (1) x 1 
Ba3 – N1 283.8 (2) x 2 TE3 – N2 187.5 (1) x 1 
Ba3 – N3 276.6 (1) x 1    
 
Table 5.3b Selected bond angles in Ba[Cu0.31Ni0.69N], standard deviations 
 of the last digit in parentheses. (TE = Cu/Ni mixed occupancy) 
Atoms Bond Angle 
(°) 
No. Atoms  Bond Angle 
(°) 
No. 
N1 – Ba1 – N2  91.53 (1) x 1 N1 – Ba2 – N1 113.10 (1) x 1 
N1 – Ba1 – N2 111.53 (1) x 1 N1 – Ba2 – N2 122.12 (1) x 1 
N1 – Ba1 – N2 112.44 (1) x 1 N1 – Ba2 – N2 90.23 (1) x 1 
N2 – Ba1 – N2 99.42 (1) x 1 N1 – Ba2 – N3 123.94 (1) x 1 
N2 – Ba1 – N2 117.64 (1) x 1 N1 – Ba2 – N3 92.77 (1) x 1 
N2 – Ba1 – N2 120.28 (1) x 1 N2 – Ba2 – N3 117.57 (1) x 1 
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N1 – Ba3 – N1 112.91 (1) x 1 Ba1 – N2 – Ba1 86.14 (1) x 1 
N1 – Ba3 – N3 114.63 (1) x 2 Ba1 – N2 – Ba1 80.59 (1) x 1 
N1 – Ba3 – N3 95.93 (1) x 2 Ba1 – N2 – Ba2 89.08 (1) x 1 
N3 – Ba3 – N3 120.26 (1) x 1 Ba1 – N2 – Ba2 89.58 (1) x 1 
TE2 – TE3 – TE2 180.00 (0) x 1 Ba1 – N2 – Ba2 107.65 (1) x 1 
N1 – TE1 – N3 176.94 (1) x 1 Ba1 – N2 – TE2 96.91 (1) x 1 
N1 – TE2 – N3 177.65 (1) x 1 Ba1 – N2 – TE2 97.43 (1) x 1 
N2 – TE3 – N2 180.00 (0) x 1 Ba1 – N2 – TE2 162.86 (1) x 1 
Ba1 – N1 – Ba2 93.84 (1) x 1 Ba1 – N2 – TE3 93.06 (1) x 1 
Ba1 – N1 – Ba2 88.23 (1) x 1 Ba1 – N2 – TE3  90.36 (1) x 1 
Ba1 – N1 – Ba3 178.44 (1) x 1 Ba1 – N2 – TE3 80.75 (1) x 1 
Ba1 – N1 – TE1 96.77 (1) x 1 Ba2 – N2 – TE2 89.30 (1) x 1 
Ba1 – N1 – TE2 86.51 (1) x 1 Ba2 – N2 – TE3 171.47 (1) x 1 
Ba2 – N1 – Ba2 177.91 (1) x 1 TE2 – N2 – TE3 82.25 (1) x 1 
Ba2 – N1 – Ba3 92.27 (1) x 1 Ba2 – N3 – Ba2 105.05 (1) x 1 
Ba2 – N1 – Ba3 86.68 (1) x 1 Ba2 – N3 – Ba3 84.50 (1) x 2 
Ba2 – N1 – TE1 88.51 (1) x 1 Ba2 – N3 – Ba3 85.33 (1) x 2 
Ba2 – N1 – TE1 90.89 (1) x 1 Ba2 – N3 – TE1 85.68 (1) x 2 
Ba2 – N1 – TE2 91.49 (1) x 1 Ba2 – N3 – TE1 169.25 (1) x 2 
Ba2 – N1 – TE2 88.99 (1) x 1 Ba3 – N3 – Ba3 163.23 (1) x 1 
Ba3 – N1 – TE1 84.72 (1) x 1 Ba3 – N3 – TE1 95.04 (1) x 2 
Ba3 – N1 – TE2 92.00 (1) x 1 Ba3 – N3 – TE1 97.44 (1) x 2 
TE1 – N1 – TE2 176.72 (1) x 1 TE1 – N3 – TE1 83.59 (1) x 1 
Ba1 – N2 – Ba1 165.57 (1) x 1    
 
 
(a) 
 
 
(b)  
Figure 5.2 The unit cell of Ba[Cu0.31Ni0.69N] (a) Piling of M – N chains, and (b) unit cell in 
Ba[Cu0.31Ni0.69N]where TE represents the Cu/Ni mixed occupancy. 
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The crystal structure of Ba[Cu0.31Ni0.69N] is characterised by one – 
dimensional infinite  zig–zag chains [ ]−∞ 2 2/269.031.01 NNiCu  (in the order long–
short–long–long–short–long (LSLLSL)), the LSLLSL chains in the 
compound is isotypic to Ba[CoN] [82], the long chain comprise of three N and 
two transition metal atoms while, the short chain comprise of two N and one 
transition metal atom. The chain bends at every second and third N – atom 
with a kink and changes in the direction but remains in one plane along [010] 
with an angle of inclination + 59° towards the a–axis thus, giving rise to 
Cu/Ni–N short and long steps respectively. Figure 5.3 (a) shows the Cu/Ni-N 
chains with bond distances. 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
(b)  
Figure 5.3 M–N zig–zag chain in the crystal structure of Ba[Cu0.31Ni0.69N] showing the LSLLSL 
ordering. (a) TE-N chains with bond distances in picometer, (b) TE-N chains with 
immediate N-(Ba, TE) coordination environment. The mixed occupancy of Cu0.31Ni0.69 
is labelled as TE – atom. 
 
The planar one – dimensional M – N chains pile up to form columns 
along [100] direction, and the chains of neighbouring columns alternate in the 
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sign of their angle of inclination to a – axis along [001] direction. Figure 5.2 
shows the unit – cell and piling of M – N chains along c – and b – axis 
respectively, Figure 5.3 (b) shows the individual M – N chain with its 
immediate N – (Ba, M) surroundings. 
The crystal structure of Ba[Cu0.31Ni0.69N] consists of transition elements 
(Cu0.31Ni0.69 = TE) with crystallographic mixed occupancies. The compound 
represents a good example of the structural transition with respect to M – N 
chain formation from Ba[NiN] [26] and Ba[CuN] [138] to Ba[CoN] [82] where 
Co species are replaced by both Cu and Ni on a random basis. Figure 5.4 
shows the main differences between the transition metal nitrogen chains in 
these nitridometalates. 
 
 
(a) 
 
 
 
(b) 
 
 
 
 
(c) 
 
 
Figure 5.4        Main structural characteristics of transition metal nitrogen chains observed in the 
                      crystal structures of (a) Ba[CoN], (b) Ba[NiN] and (c) Ba[CuN].  Nitrogen: large 
                         medium gray spheres, transition metal: small black sphere. 
 
In the crystal structure of Ba[Cu0.31Ni0.69N] the transition element 
(Cu/Ni = TE) is found in two different coordinations by nitrogen with trans–
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positions in the chain and cis–positions at the chain–folding in respect to next 
TE neighbours. Nitrogen is surrounded in different coordinations by Ba and 
TE. All the coordination polyhedra are slightly distorted from their idealised 
geometry. Figure 5.5 (a – c) shows the main coordination polyhedra around 
Ba, Cu/Ni (labelled as TE), and N atoms (bond angles are listed in Table 5.3 
(a – c)), their comparison with the coordination polyhedra of Ba[CoN] are 
also shown.  
The N – atom within chain is surrounded in an octahedral geometry 
N1[(Ba2)2 (trans) (Ba1, Ba3) (trans) (TE1, TE2) (trans)]6, the four Ba – atoms 
[(Ba2)2 (trans) (Ba1, Ba3) (trans) forms a distorted square–planar,  and two TE – 
atoms are in nearly linear coordination.  
The N – atoms at the joints of each chain are surrounded by two 
different coordination environments as follows: (a) At the junctions between 
a short and a long chain, the N – atoms are surrounded in distorted octahedral 
arrangement N2[(Ba1)2(trans), (Ba1, Ba2)(cis) (TE2, TE3)(cis)]6, the two cis Ba 
and TE atoms form a distorted square planar and the remaining two trans Ba 
completes the octahedral coordination around N2. (b) At the junctions 
between the two long chains the N – atom is coordinated in distorted 
octahedral arrangement by four Ba and two TE as N3[(Ba3)2 (trans) (Ba2)2 (cis) 
(TE1)2 (cis)]6, thus the two cis Ba and TE atoms forms the distorted square 
plane while the trans Ba completes the octahedra. The Ba – atoms are 
coordinated in distorted tetrahedral arrangement with four N – atoms. The TE 
– atoms (Cu and Ni) are coordinated linearly by N – atoms as shown in 
Figure 5.3. The Cu/Ni atom is coordinated with N – atoms in trans – 
positions in the linear part of chains and at cis – positions at folding part of 
the chains. The bond lengths of the linearly coordinated Cu/Ni – N atoms 
along the chain varies and are listed in Table 5.3 a.  
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Ba[Cu0.31Ni0.69N] Ba[CoN] 
  
  
  
 
Figure 5. 5(a)   N coordination along [001] in the crystal structure of Ba[Cu0.31Ni0.69N] (Right), and Ba[CoN] 
                          (Left). TE = Cu/Ni mixed occupancy. Bond distances are shown in picometer. 
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Ba[Cu0.31Ni0.69N] Ba[CoN] 
  
  
Figure 5. 5(b)   Ba coordination along [001] in the crystal structure of Ba[Cu0.31Ni0.69N] (Right), and 
                          Ba[CoN] (Left). TE = Cu/Ni mixed occupancy. Bond distances are shown in picometer. 
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Ba[Cu0.31Ni0.69N] Ba[CoN] 
  
  
  
Figure 5. 5(c)   Transition metal coordination along [001] in the crystal structure of Ba[Cu0.31Ni0.69N]   
                          (Right), and Ba[CoN] (Left). TE = Cu/Ni mixed occupancy. Bond distances are shown in  
                          picometer. 
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(a) (b)
Figure 5.6 Comparison of N–polyhedra in the crystal structure of (a) Ba[CoN] and (b) 
Ba[Cu0.31Ni0.69N]. Ba atom (white circles), transition metal (Co, Cu-Ni) (small black 
circles). Arrow shows the dissimilar polyhedra. 
 
 Ba[Cu0.31Ni0.69N] is a nitridometalate with the structure type of 
Ba[CoN] while its individual transition metal constituents are Ni and Cu 
instead of Co. Figure 5.6 shows the nitridometalate structural motif of 
Ba[CoN] and Ba[Cu0.31Ni0.69N]. Ba[CoN] was speculated to be a mixed-
valent [82] nitridocobaltate based on the two different coordinations around the 
three crystallographically independent Co – atoms (Co (1) – (3)). A similar 
situation is observed in case of Ba[Cu0.31Ni0.69N]. Though, the confirmation 
of the valence state of transition atoms in either case has not been 
investigated up to now by experimental means. 
The crystal structures of Ba[NiN] [26] and Ba[CuN] [138] are different 
with respect to the shape of their M – N one–dimensional zig–zag chains as 
shown in Figure 5.4. Ba[Cu0.31Ni0.69N] represents a solid solution comprising 
of Cu and Ni as the substitution transition metal. The structure obtained with 
each individual transition metal that is Cu or Ni is entirely different than that 
obtained by their mixture in Ba[Cu0.31Ni0.69N]. 
Ba[Cu0.31Ni0.69N] hint towards the gradual transition in the shape of M – 
N zig–zag chain and that there might exist a whole range of Cu–Ni mixed 
occupancy solid solution series in alkaline earth nitridometalate that can be 
explored to study the gradual structural change from Ba[NiN] and Ba[CuN] 
type to Ba[CoN] type and may be further extended. The mixed valence solid 
solutions are already known [139 – 144] in other well studied chemical systems, 
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and this further encourages the research in nitrides in general and 
nitridometalates in specific.  
5.3  Powder X – ray Diffraction Investigations 
The discovery of Ba[Cu0.31Ni0.69N] encouraged the investigation of the 
barium-copper-nickel-alkaline earth nitrogen system to learn about the 
homogeneity ranges of this system. Trials made in this direction did not yield 
additional single crystals so only quantitative investigations taking lattice 
parameters into account were performed. 
The experiments carried out with gradual substitution of the element 
nickel by copper in the system Ba – Cu – Ni – N showed an interesting 
phenomenon of structural transition occurring with increasing copper content 
in this system. This structural phase transition was observed from powder X-
ray diffraction investigations. The crystal structure of Ba[NiN], Ba[CuN] and 
Ba[CoN] are different and have distinct powder X-ray diffraction patterns. 
According to the powder X-ray diffraction investigation on the products 
synthesized by gradually increasing the copper concentration over the nickel 
in the starting composition of Ba[NiN], it was observed that at the lower 
copper content Ba[NiN] structure type is favoured with slight variations in 
the lattice parameters. This was confirmed by calculating the powder 
diffraction patterns from the lattice parameters obtained by refining of the 
observed powder X-ray diffraction pattern, comparable match between the 
two powder diffraction pattern is observed. Figure 5.7 (a – d) shows the 
comparison of the observed powder X-ray diffraction pattern (measured using 
Cu Kα1 radiation) with calculated powder pattern. 
The single crystal data of Ba[NiN] were used, the occupancy factor was 
adjusted for the mixed occupancy of Cu/Ni, and the powder diffraction 
pattern was calculated using the lattice parameters obtained from the 
refinement of the observed powder X-ray diffraction patterns. A comparable 
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match between the observed and calculated powder diffraction pattern was 
realised when Cu and Ni simultaneously occupied the to two nickel positions 
in Ba[NiN] structure. The precise knowledge about the exact occupancy 
could only be ascertained by neutron diffraction investigation. Rietveld 
refinements of the X-ray powder diffraction data suffer greatly due to the near 
identical structure factors of Cu and Ni.   
(a) 
(b) 
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(c) 
(d) 
Figure 5.7 Powder X-ray diffraction pattern (measured by using CuKα1radiation) shows  
                             the formation of Ba[NiN] with low concentration of Cu. The ratio Ni:Cu is also  
                             shown. 
 On further increasing the copper content the compound undergoes a 
structural transition to the Ba[CoN] structure type. Figure 5.8 (a – d) show the 
observed and calculated powder X-ray diffraction patterns. However, on 
further increasing the copper concentration the compound undergoes the 
structural transition to Ba[NiN] structure type against the expected Ba[CuN] 
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structure type, this is shown in Figure 5.9. The reason for the failure to 
undergo the structural transition to Ba[CuN] structure type is not known. 
(a) 
(b) 
 
 
 
 
 
Figure 5.8 continues on next page 
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(c) 
(d) 
Figure 5.8 Powder X-ray pattern (measured by using CuKα1radiation) shows the formation 
                             of Ba[CuxNi1-xN] by increasing concentration of Cu. The ratio Ni:Cu is also 
                             shown. 
 This powder X–ray diffraction investigation shows an interesting 
phenomenon happening in the crystal structure and the structural transition 
being occurring due to gradual substitution of Ni by Cu and thus, it exhibits 
the homogeneity range for this system to be quite broad. Also, it raises the 
question about the failure to undergo structural transition to Ba[CuN] 
structure type on increasing the copper concentration. This might be possible 
that Ba[CuN] could exists in Ba[NiN] structure type. However, this 
speculation needs further experimental and theoretical proof. From synthesis 
view point Ba[CuN] has been reported [138] to be synthesised under pressure 
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however, the compounds investigated in this study were all synthesized in an 
ambient nitrogen flow condition. 
Figure 5.9            Powder X-ray pattern (measured by using CuKα1radiation) shows the  
                             formation of Ba[NiN] at high concentration of Cu. The ratio Ni:Cu is also  
                             shown. 
 The lattice parameters and unit–cell volume obtained from the 
indexing of powder pattern are shown in Figure 5.10, and 5.11 respectively.  
  
Figure 5.10 Lattice parameter variations with respect to the gradual increase of copper over nickel 
in the system Ba – Cu – Ni – N. The values of lattice parameters were obtained by 
indexing their respective powder X – ray diffraction pattern. Lattice parameter for the 
pure phase nitridometalate is also shown for comparison. 
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Figure 5.11  Unit – cell volume variation with respect to the gradual increase of copper over nickel 
 in the system Ba – Cu – Ni – N. The values of unit – cell volume constant were 
 obtained by indexing their respective powder X – ray diffraction patterns. Unit – cell 
 volume for the pure phase nitridometalate is also shown for comparison. 
 
The success of this investigation further encourages to study the 
substitution of either the transition metal or alkaline-earth metal in other 
know nitridometalates. Interesting physical properties are expected to occur 
due to the specific structural characteristic exhibited by most of the 
nitridometalates. 
 
 
 111
Chapter 6                                                                                      Sr2[Ni(CN)N]                                                
 
 
 112 
Chapter 6                         Sr2[Ni(CN)N] 
6.1 Introduction 
 The alkaline earth nitridonickelates that are investigated so far exhibit 
an average oxidation state of nickel ≤ +1. However, Sr2NiN2 
[159]
 which was 
reported earlier has been claimed to have nickel with the formal oxidation 
state of +2. This observation motivated us to investigate the physical 
properties of this high valent alkaline earth nitridonickelate. The trials made 
to synthesize Sr2NiN2 by following the reported procedure never produced 
this compound. However, we observed that on adding carbon into the starting 
composition we obtained a product whose powder X-ray diffraction pattern 
resembled with that of Sr2NiN2, on single crystal X-ray diffraction 
investigation followed by neutron powder diffraction we found the actual 
compound to be Sr2[Ni(CN)N]. This fact brought our attention towards the 
reported crystallographic challenge about the split positions for Ni and N 
atoms in case of Sr2NiN2.  Here we report the reproducible synthesis, crystal 
structure and the physical properties of Sr2[Ni(CN)N], the crystallographic 
splitting that was reported is also discussed later in the chapter.  
6.2 Synthesis 
 Sr2[Ni(CN)N] was synthesized using Sr2N, Ni–metal powder, and 
graphite powder as starting materials. Appropriately mixed and thoroughly 
ground, the starting material was pelleted and filled inside a 50 mm long 
nickel–tube. Sodium azide (NaN3) was added as an in-situ source of nitrogen, 
and to generate a pressure of about 15 bars at the reaction temperature. The 
nickel ampoule was sealed using 500 mbar of argon pressure in an arc–
melting furnace chamber. The nickel ampoule was put inside an ubiquitous 
quartz tube reactor and was heated in a vertical box furnace under argon flow 
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at 1203 K for up to 100 hours. The product obtained was black and 
crystalline; the crystals were flat square plates with very precise edges. All 
the crystals of this description were found to be twins which was confirmed 
during the single crystal X-ray diffraction investigation. The trials made to 
synthesize Sr2[Ni(CN)N] under different conditions of gas were not 
successful. The scheme below shows different product that were obtained 
under different conditions of gas used during the reaction: 
Starting 
materials 
Reaction conditions Products C-N coordination 
Sr2N +  C N2 / 1000° C 
  
Sr4N2[CN2] 
[160]
 
(CN
−2
2
) 
 
 
Sr2N + Ni + C limited quantity of N2 
  
Sr2[Ni(CN)N] (CN 
-
) 
 
 
Sr2N + Co + C Ar gas flow 
 
 
Sr3Co(C2)3
 [160] 
(C
−2
2 ) 
The product quality was checked initially by powder X–ray diffraction 
and elemental analysis. Figure 6.1 shows the observed powder X-ray 
diffraction pattern of a representative sample of Sr2[Ni(CN)N] and the 
calculated powder X-ray pattern from single crystal data, the single crystal 
structure was confirmed with the help of neutron diffraction investigation and 
is discussed later in the chapter. 
 The results of the elemental analyses were consistent with calculated 
values for Sr2[Ni(CN)N]. Elemental analysis along with powder neutron 
diffraction was very much helpful in ascertaining the carbon and nitrogen 
ratio in Sr2[Ni(CN)N]. Table 6.1 shows the results of elemental analysis.  
  Table 6.1      Results of elemental analysis for Sr2[Ni(CN)N] 
Formula Sr2[Ni(CN)N] 
Elements Obs. (e.s.d.) / mass % Calc.(e.s.d.) / mass % 
Sr 64.56 (0.76) 63.97 
Ni 20.62 (0.19) 21.42 
N 09.02 (0.04) 10.23 
C 04.08 (0.12) 04.38 
O below detection limit 00.00 
Total 98.28 % 100.00 % 
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Figure 6.1 Observed and calculated powder X–ray diffraction patterns measured using Cu Kα1 
radiation for Sr2[Ni(CN)N]. Anomaly as observed between the reflection intensities of 
observed and calculated powder X-ray diffraction pattern might be due to preferred 
orientation of polycrystalline sample.  
 6.3  Crystal Structure 
The crystal structure of Sr2[Ni(CN)N] was determined by refinement of 
powder neutron diffraction due to the twinning in all single crystals obtained 
in this compound and also to ascertain the content and location of carbon and 
nitrogen atoms in Sr2[Ni(CN)N]. Table 6.2 shows the lattice parameters 
obtained from neutron powder diffraction, X–ray single crystal structure 
refinement, and X–ray powder diffraction.  The crystallographic and 
refinement data from neutron powder diffraction are given in Table 6.3. 
Positional and displacement parameters are given in Table 6.4. Selected 
distances and angles are given in Table 6.5 a & 6.5 b. 
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Table 6.2 Lattice parameters obtained from neutron powder diffraction,  
  X–ray single crystal structure refinement, and X–ray powder 
  diffraction measurement. 
Lattice  
Parameters 
Neutron powder 
diffraction 
X – ray single 
crystal structure 
X – ray powder 
diffraction 
a [pm] 782.16 (3)  783.90 (8)  781.5 (5) 
b [pm] 388.89 (1)  390.33 (4)  389.4 (3) 
c [pm] 1400.89 (5)  1403.98 (23)  1399.8 (2) 
V [× 10
6 
pm
3
] 426.12 (2)  429.59 (9)  426.0 (10) 
Table 6.3 Crystallographic data for Sr2[Ni(CN)N] obtained from neutron 
  powder diffraction refinement. 
Compound Sr2[Ni(CN)N] 
Temperature of Measurement 293 K 
Crystal system Orthorhombic 
Space group Pnma (No. 62) 
a [pm] 782.16 (3) 
b [pm] 388.89 (1)  
c [pm] 1400.89 (5) 
Cell volume [10
6
. pm
 3
] 426.12 (2)  
α = β = γ  90° 
 
Table 6.4  Atomic coordinates, positional and displacement equivalent 
 isotropic parameters [pm
2
] for Sr2[Ni(CN)N], obtained from 
 refinement of neutron powder diffraction data. Standard 
 deviations of the last digit in the parenthesis. 
Atom Occ. x y z 
Sr1 1.196 (108) 0.85373 (92)   1/4 0.11625 (35) 
Sr2 0.707 (109) 0.88024 (99)   1/4  0.40955 (35) 
Ni1 1.016 (74) 0.10760 (67)   1/4 0.27555 (51) 
N1 1.388 (98) 0.11903 (106)   0.75000 (0) 0.40331 (45) 
C1 0.474 (99) 0.12205 (133)   0.75000 (0) 0.15026 (51) 
N2 1.459 (115) 0.12255 (98)   0.75000 (0) 0.06730 (37) 
 
Table 6.5a Selected distances in Sr2[Ni(CN)N], obtained from 
 refinement of neutron powder diffraction data. 
Atoms Bond length 
(pm) 
No. Atoms Bond length 
(pm) 
No. 
Sr1 – N2 257.5 (0)  × 1 Sr2 – N1 262.2 (0) × 1 
Sr2 – N2 281.9 (0) × 2 Sr2 – N1 269.8 (0) × 2 
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Table 6.5a Continued. 
Sr1 – N2 294.5 (0) × 2 Sr1 – N1 268.8 (0) × 2 
C1 – N2 116.2 (0) × 1 Ni1 – N1 179.2 (0) × 1 
C1 – Ni1 175.9 (0) × 1    
 
Table 6.5b Selected bond angles in Sr2[Ni(CN)N], obtained from 
 refinement of neutron powder diffraction data.  
Atoms Bond Angle 
(°) 
No. Atoms  Bond Angle 
(°) 
No. 
∠ Sr1 – N2 – Sr2 93.63 (0) × 2 ∠Sr2 – N1 – Sr2 88.23 (0) × 2 
∠Sr1 – N2 – Sr1 106.48 (0) × 2 ∠Sr2 – N1 – Sr1 95.77 (0) × 2 
∠Sr2 – N2 – Sr1 159.89 (0) × 2 ∠Sr2 – N1 – Sr1 175.98 (0) × 2 
∠Sr2 – N2 – Sr1 91.62 (0) × 2 ∠Sr2 – N1 – Sr1 87.4 (0) × 2 
∠Sr2 – N2 – C1 83.53 (0) × 2 ∠Sr2 – N1 – Ni1 89.88 (0) × 2 
∠Sr1 – N2 – C1 176.07 (0) × 1 ∠Sr2 – N1 – Ni1 177.27 (0) × 1 
∠Sr2 – N2 – Sr2 87.21 (0) × 1 ∠Sr2 – N1 – Sr2 92.24 (0) × 1 
∠Sr1 – N2 – Sr1 82.64 (0) × 1 ∠Sr1 – N1 – Sr1 92.66 (0) × 1 
∠Sr1 – N2 – C1 76.39 (0) × 1 ∠Sr1 – N1 – Ni1 86.12 (0) × 1 
∠N2 – C1 – Ni1 176.51 (0) × 1 ∠N1 – Ni1 – C1 173.46 (0) × 1 
 
 For the single crystal structure determination of Sr2[Ni(CN)N], a 
suitably sized crystal of Sr2[Ni(CN)N] was sealed inside a glass capillary to 
collect the X-ray diffraction intensity data on a Rigaku Corporation 
diffractometer with Mo Kα 
radiation using a graphite–monochromator in the 
angular range 3.48° ≤ θ ≤ 71.97° (330°- φ - scan, 60° - ω – scan at χ = 90°, 
0.6° steps, exposure time per step of 150 s, detector distance = 40 mm; 2θ 
offset = -10.00°). The data were corrected for Lorentz and polarization 
effects. A multi – scan absorption correction was applied. The Laue method 
was used initially to check the quality of single crystals, and for possible 
twinning of crystals showed presence of twinning in all the crystals of 
Sr2[Ni(CN)N] that were investigated. The structure was solved by direct 
methods using the program SHELXS–97–2 
[32]
. Fourier calculations and 
subsequent full–matrix least–squares refinements were carried out using 
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SHELXL–97–2 
[33] 
applying neutral atom scattering factors. The structure 
model drawing was accomplished by using the program DIAMOND 
[93]
.  
 Sr2[Ni(CN)N] crystallizes in the orthorhombic space group Pnma (No. 
62) (a = 782.16 (3) pm, b = 388.89 (1) pm, c = 1400.89 (5) pm, V = 426.12 
(2) × 10
6 
pm
3
 (neutron data)).  
(a)
(b) 
 
 
 
 
 
 
 
Figure 6.2 Coordination polyhedra in the crystal structure of Sr2[Ni(CN)N]. (a) Bond lengths 
are given. (b) Two different distorted octahedra, of composition NSr5Ni – light 
gray, and NSr5C – dark gray. Black bond: between Ni-C, light grey bonds: between 
Sr-N and Ni-N. 
   
 The crystal structure is composed of [N–Ni(CN)]
4- 
anionic dumbbells 
that give rise to two different distorted octahedral coordinations around  
nitrogen. These octahedra are linked via a nickel-carbon bond. The larger 
octahedron is composed of five strontium atoms and one nickel atom 
(NSr5Ni) while another slightly smaller octahedron composed of five 
strontium atoms and one carbon atom (NSr5C). There are two different 
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nitrogen atoms in Sr2[Ni(CN)N] that is, one is a nitride nitrogen (N
3-
) atom 
while the other is a cyanide nitrogen ([C ≡ N]- group) atom. This unique 
combination of N
3-
 and CN
-
 is observed for the first time and allows to 
classify Sr2[Ni(CN)N] as the first “cyano–nitridonickelate (0)” with nickel 
atom having formal oxidation state of “0”. X–ray absorption spectroscopy, as 
discussed later in the chapter (section 6.4.3), also hint toward the low 
oxidation state for nickel and on the formal charge balance gives 
Sr
+4
2
[Ni
0
(CN)
1-
N
3-
].  Figure 6.2 shows the octahedra around two different 
nitrogen atoms.  
  
 
 
 
 
 
 
Figure 6.3 Crystal structural of Sr2[Ni(CN)N] connecting of distorted octahedra of 
composition NSr5Ni (light gray), and NSr5C (dark gray). The Connecting links 
between the two adjacent layers are nickel and carbon atoms, arranged alternately 
along [100]. Black bond: Ni-C, light gray bond: Sr-N and Ni-N. 
  The main structural features of Sr2[Ni(CN)N] are a two–dimensional  
layers made up of edge–sharing polyhedra that is, NSr5Ni and NSr5C as 
shown in Figure 6.3. 
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 Each of the octahedra is paired with another identical octahedron by 
edge–sharing but with their nickel or carbon atoms situated on the diagonally 
opposite sides from each other. The pair that is N2Sr8Ni2 and N2Sr8C2 thus 
formed runs parallel along [010] by sharing common strontium atoms and 
edges and among both the polyhedrons.  
The strontium atoms are only coordinated to five nitrogen atoms in a 
distorted square pyramidal geometry as shown in Figure 6.4 (a). The Sr – N 
bond lengths are comparable to those observed in other known alkaline earth 
nitridonickelates viz., Sr[NiN]. 
(a) 
 
 
 
(b) 
 
 
 
 
Figure 6.4 (a) Distorted square pyramidal coordination around strontium atom made up of five 
nitrogen atoms. Two different kind of square pyramids are distinctly visible with 
one have Sr – atom in plane and other with Sr – atom slightly off the plane of four 
nitrogen atoms. (b) Coordination around carbon atom, solid bonds are the real 
bonds between the atoms while dashed bonds are hypothetical based on the bond 
distances between the atoms. Bond lengths are given in pico meter. 
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 The carbon atom is in chemical bonding with nitrogen atom on one 
side and with nickel atom on the other side. The bond lengths between C and 
Sr atoms are comparable to those of N and Sr atoms, there might be a 
possibility of forming an octahedral coordination around carbon atoms as 
shown in Figure 6.4 (b). However this was not observed while refining the 
crystal structure. The carbon atom is chemically bonded with only nitrogen 
atom by triple bond making cyanide group (CN
-
) while, it is coordinated with 
nickel atom by a single bond. However, the bond length of C ≡ N triple bond 
(116.2 pm) is similar to ideal cyanide groups (116 pm) while the bond length 
of C – Ni bond (175.9 pm) is smaller than the one observed in Ni3C (186.1 
pm) 
[148]
. The nickel atom is also linearly coordinated by carbon and nitrogen 
atom. C–Ni bond connects the two adjacent 2–dimensional layers composed 
of Sr – N – Ni/C edge shared polyhedra as shown in Figure 6.3. The Ni – N 
bond length (179.2 pm) is comparable to the bond lengths observed in most 
of the alkaline earth nitridonickelates.  
 The results obtained from the single crystal structure determination by 
using X-ray diffraction technique suggested a tetragonal symmetry (I4/mmm 
(no. 139). Sr2[Ni(CN)N] has been earlier reported with the space group 
I4/mmm (no. 139) with its molecular formula as Sr2NiN2 
[159]
. 
 In case of Sr2NiN2 a small tetragonal unit cell was proposed 
[159]
 in the 
space group I4/mmm (no. 139) a disordered structure was determined from 
the single crystal X-ray diffraction investigation. The model of the subcell is 
based on the Na2HgO2 structure type in the space group I4/mmm (no. 139). 
The Na2HgO2 structure is isostructural to AE2ZnN2 compounds (AE = Ca, Sr, 
Ba). The Na2HgO2 structure can be described as the rock salt layers 
composed of Na and O atoms with Hg atoms bridging the layers and 
coordinated to the O atoms to form linear HgO
−2
2
species. Equivalently it can 
be described as chains of Na-O-Hg-O-Na running along [001]. The sodium 
atom lie in square pyramidal coordination and oxygen atoms are bonded to 
one Hg and five Na atoms in octahedral coordination. In the crystal structure 
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of Sr2NiN2 it was proposed that the Ni - atom is situated at the origin of the 
unit cell in linear coordination with nitrogen. Both the Ni and N atoms were 
reported as split positions with half occupancy for each with a distance of 77 
pm between the Ni sites. Due to the fact that the splitting of the Ni position is 
small and that X-ray structure determination only provides solution for the 
average structure, only one Ni atom can reside on the disordered Ni site at a 
time. This leads to two possible models for the Ni-N bonding. The first 
having one short and one long Ni-N bond and the second having two short 
Ni-N bonds. The second model was predicted to have higher plausibility due 
to the short Ni-N bonds based the covalent nature of Ni-N bond. The N - 
position are difficult to fully resolve by X-ray diffraction due to small 
scattering cross section. 
 The superstructure proposed in case of Sr2NiN2 was described as 
consisting of an ordering of the NiN2 units by lowering of the symmetry and a 
doubling of the unit cell in at least one direction. Calculation of the lattice 
parameters was reported to suggest an orthorhombic unit sub cell with a = 
389 pm, b = 391 pm, and c = 1400 pm. The superstructure was modelled as a 
2×1×1 ordering of the sub cell in Pnma space group. Based on the above facts 
Sr2NiN2 was reported to possess pseudomerohedral twinning due to the slight 
distortion in orthorhombic symmetry.  
 The efforts made to solve the crystal structure of Sr2NiN2,  resolving 
the split position of Ni and N atoms, and the subsequent models that were 
being considered led, then, to propose a 2×1×1 model orthorhombic (a = 781 
pm, b = 389 pm, and c = 1400 pm) superstructure with twin domains of 
perpendicular orientations. 
 The thorough examination of this system has brought forward two 
important facts about this compound; first a carbon atom has been missed out 
in the earlier reported 
[159]
 compound and secondly, this compound exhibits 
extensive twinning thus, embraces the difficulty in the structure 
determination. The limitation of resolving the carbon and nitrogen atoms was 
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solved by using neutron diffraction investigation, the scattering cross sections 
of carbon and nitrogen are distinct in case of neutron diffraction while they 
are negligible in case of X-ray diffraction. 
Along a – axis 
 
 
 
 
 
 
 
 
 
 
 
 
Sr2[Ni(CN)N]  
(a) 
 
Sr2[Ni(CN)N] twin 
(b) 
 
Sr2NiN2  
(c) 
 
Along b – axis 
 
 
 
Sr2[Ni(CN)N]  
(d) 
 
Sr2[Ni(CN)N] twin 
(e) 
 
Sr2NiN2  
(f) 
 
Figure 6.5 Sr2[Ni(CN)N] compared with the crystal structure of Sr2NiN2 where the twin  
  position  for each atom was reported, Figures (a – c) are all along a – axis while (d 
  – f) are all along b - axis. Figures a – c shows Sr2[Ni(CN)N]  in structural relation 
  with Sr2NiN2 through a transition from the twinned structure (Figure (b)). Figure 
  (a) is the real structure of Sr2[Ni(CN)N] which is also the real structure of Sr2NiN2, 
  which was reported with split positions for each of its atoms. 
 
 The twinned crystals of Sr2[Ni(CN)N] are perfectly square plate 
shaped crystals. Among all the crystals that were investigated by X-ray 
diffraction techniques, a 90° - rotation twinning was observed. The two 
components lattices coincide exactly in the twinning of Sr2[Ni(CN)N] giving 
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rise to superimposed reflections that belong to two individuals and thus, each 
measured intensity is the sum of two separate reflection intensities with 
different indices related by the twin–law.  
b
a
90°
 
Figure 6.6 90° - twin as observed in Sr2[Ni(CN)N]. The dotted lined cell is obtained on the 
  90° rotation of solid lined cell. The dashed lines show the twin plane. 
 
 As reported earlier in case of Sr2NiN2, the twinning observed was 
pseudo–merohedral twinning caused due to the twin operation with a valid 
symmetry operation of the crystal system but not of the point group of the 
crystal. The unit cell of Sr2[Ni(CN)N] has symmetry of the higher Laue 
group. Thus, the tetragonal crystal structure may belong to one of the space 
groups of the Laue group 4/m (here I4/mmm) where there is no rotation 
symmetry associated with a and b axis. Twinning occurs in Sr2[Ni(CN)N] by 
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rotation to the higher Laue group 4/mmm resulting in a proportion of the 
structure having a different orientation. This twinning operation is thus, a 
symmetry operation of 4/mmm but not of 4/m. With a specific example of 
reflection exchanging the a and b axis (the third 'm' in 4/mmm), the twinning 
will lead to the superposition of each hkl reflection with khl. These are 
symmetry equivalent in the higher Laue group, but not in the 4/m. The 
structural relation between the untwined Sr2[Ni(CN)N] and twinned Sr2NiN2 
[159]
 are depicted in Figure 6.5. 
 Geometrically a twin is characterized by symmetry operations which 
relate one individual to the other in the composite crystal 
[149]
. The symmetry 
operation in Sr2[Ni(CN)N] is a rotation through π about the zone axis called 
the twin axis and thus the twin in case of Sr2[Ni(CN)N] is a rotational twin.  
 The twinning observed in case of Sr2[Ni(CN)N] is of the twin - lattice 
symmetry (TLS) type. As a typical TLS, twinning in Sr2[Ni(CN)N] shows a 
single orientation of the reciprocal lattice and thus, giving rise to single 
diffraction spots which are indistinguishable. However, the higher value of 
irreducible residual that was obtained in all the attempts for the crystal 
structure determination by X-ray diffraction provided a hint towards a TLS 
twin. The twin lattice is the lattice with the smallest cell that is common to 
both individuals of the twins, which in case of Sr2[Ni(CN)N] is b - axis which 
is depicted in Figure 6.6. However the crystal structure determination by 
powder neutron diffraction established an orthorhombic symmetry with space 
group Pnma (no. 62).  
6.4 Physical Properties 
6.4.1 Magnetic Susceptibility 
 The magnetic properties of Sr2[Ni(CN)N] were determined by the 
measurement of magnetic susceptibility of the polycrystalline (fine powder) 
sample sealed inside a quartz glass tube under 400 mbar pressure of helium 
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gas. The data were corrected for the diamagnetic contribution due to glass. 
Figure 6.7 shows the magnetic susceptibility of Sr2[Ni(CN)N] at higher 
magnetic fields and their extrapolation to the field infinity. Small amounts of 
a ferromagnetic component (nickel) in the magnetization hindered the 
determination and comprehensive speculation of magnetic properties of 
Sr2[Ni(CN)N]. The difference between the magnetic susceptibility at high 
fields indicates a paramagnetic behaviour. 
 
Figure 6.7 Magnetic susceptibility (χ) of Sr2[Ni(CN)N] as a function of temperature for H = 35 
kOe, and 70 kOe.  
6.4.2 Electrical Resistivity 
 The electrical resistivity measurement of Sr2[Ni(CN)N] was performed 
on the powder sample by Van–der–Pauw method in a sapphire cell. The 
electrical resistivity of Sr2[Ni(CN)N] (as shown in Figure 6.8), shows a non–
metallic behaviour on decreasing the temperature below room temperature. 
At higher temperature (330 K) the resistivity is 0.027 Ω cm, a value which is 
comparable to that of a semiconductor. While at low temperature (T < 25 K) 
the resistivity increases and reaches 70 Ω cm. This increase is of the order of 
Chapter 6                                                                                      Sr2[Ni(CN)N]                                                
 
 
 126 
2000 times (ρ300K/ρ5K) compared to high temperatures and could be assigned 
to the semiconducting character of the compound. The resistivity plot shows 
a thermally activated behaviour of this compound where, the conduction level 
is populated due to the thermal effect at higher temperature. The band gap is 
usually constant however due to the presence of heavy impurities (e.g., 
nickel) the exponential behaviour is obscured. 
 
Figure 6.8 Electrical resistivity of Sr2[Ni(CN)N] plotted as natural logarithm as a function of 1000 
K /Temperature. 
6.4.3 X – ray Absorption Spectroscopy 
 The electronic configuration of nickel in Sr2[Ni(CN)N] was 
investigated also by using X–ray absorption near edge spectroscopy  at the 
K–threshold of nickel. The X–ray absorption spectra for Sr2[Ni(CN)N] is 
shown in Figure 6.9 along with the absorption spectra of nickel metal foil, 
NiCl2, and NiO where the nickel metal foil was used as the standard reference 
for nickel “0” and both NiCl2 and NiO as a standard for the +2 oxidation 
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state. The X–ray absorption spectrum of Sr2[Ni(CN)N] shows various 
contributions to the fine structure near the nickel K–edge. The secondary 
peaks (Figure 6.10) are more visible from the derivative curve which shows 
at least three distinct maxima in the low energy region of the absorption edge.  
    
Figure 6.9 X–ray absorption spectrum of Sr2[Ni(CN)N] compared with Ni
(0)
, NiO and NiCl2. 
The feature observed before 8320 eV appears due to the different concentration of 
nickel in the sample that was prepared for the XAS measurement however it is not 
due to sample properties. The dotted lines shows the absorption edge for the nickel 
with 0 and +2 oxidation state. 
 In the low energy region the X–ray absorption spectra (Figure 6.9 and 
6.10) show very close similarity to the nickel spectrum with respect to 
position and shape of the K–edge indicating a low valence state of nickel in 
Sr2[Ni(CN)N]. The difference starts to occur at the first maximum (Figure 
6.9) which is reduced in Sr2[Ni(CN)N] compared to the nickel spectrum. The 
occurrence of this maximum is due to the main contribution at the nickel K–
edge caused by the dipole excitation of 1s–state electrons to unoccupied 4p–
states above the Fermi energy. This feature is observed in most of the ternary 
alkaline earth nitridonickelates. 
Chapter 6                                                                                      Sr2[Ni(CN)N]                                                
 
 
 128 
     
Figure 6.10 Derivative curve of X-ray absorption spectrum of Sr2Ni[(CN)N] compared with 
Ni
(0)
, NiO and NiCl2. The dotted lines show the absorption edge for the nickel with 
0 and +2 oxidation states. 
 As observed in other ternary alkaline earth nitridonickelates, the 
absorption behaviour of the nickel element and that of Sr2[Ni(CN)N]  are 
very similar in the low energy region (first dotted line in Figure 6.9 and 6.10). 
In case of the nickel element spectrum it was found that the absorption 
behaviour is dominated by the contribution of the unoccupied 3d–levels on 
the l = 1 projection of the density of states in this energy range. The 
coincidence of both the spectra (i.e., Sr2[Ni(CN)N] and nickel element) in this 
energy region indicates a similar 3d–level configuration for the nickel 
element and the compound Sr2[Ni(CN)N]. This relation has to be further 
proved by theoretical calculations of the absorption coefficient which should 
also give some hints towards the different nickel configurations in the nickel 
element and the Sr2[Ni(CN)N] compound from the absorption behaviour near 
the first maximum. 
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6.4.4 Infrared and Raman Spectroscopy   
 
Figure 6.11 Infrared spectra of Sr2[Ni(CN)N] with isotopes 
13
C and 
12
C. The insets shows the 
region from 850 – 2500 cm
-1
. The shaded portion shows the region of interest for 
detecting the presence of cyanide group. 
 Infrared and Raman spectroscopic measurements were carried in order 
to characterize the presence of cyanide group in Sr2[Ni(CN)N], the 
polycrystalline sample of the compound was used for Infrared and Raman 
spectroscopic investigation. The sample for infrared spectroscopic 
measurement was prepared by mixing around 1–2 mg sample in ~ 120 mg of 
dry potassium bromide (KBr). This was mixed thoroughly and pressed under 
10 tons pressure for 2 minutes to make a circular pellet. The pellet was 
transferred in a inert atmosphere up to the spectrometer where it was exposed 
to the room atmosphere for less than a minute to load on the spectrometer.  
The sample for Raman spectroscopy was prepared by sealing the sample in a 
1 mm diameter glass capillary inside the glove box. The infrared and Raman 
spectrum for Sr2[Ni(CN)N] are shown in Figure 6.11 and 6.12 respectively. 
The figures shows a comparison between Sr2[Ni(CN)N] synthesized by using 
12
C and isotopic 
13
C. 
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The regions of interest are the shown by the shaded portion in Figure 
6.11 and 6.12, in order to learn about the cyanide group (C≡N-) band in the 
compound. A vibrational band observed in the infrared spectrum at the 
frequency of 2024 cm
-1
 for the 
12
C, and 2027 cm
-1
 for the 
13
C sample 
indicates the presence of cyanide groups in the compound. Likewise, the band 
is observed in the Raman spectrum at 1794 cm
-1
, and at 1753 cm
-1
 for 
12
C and 
13
C samples respectively, and is consistent with the presence of cyanide 
groups in the compound. 
 
Figure 6.12 Raman spectra of Sr2[Ni(CN)N] with isotopes 
13
C and 
12
C. The inset shows the region 
from 150 – 1850 cm
-1
. The shaded portion shows the region of interest for detecting the 
presence of cyanide group. 
The shift to lower wavenumbers compared with the expected value of 
ν(CN) (2080 cm-1 for free CN- group) for CN- groups in infrared and Raman 
spectra is caused by the Ni – CN covalent bond. The strong π donor Ni atom 
tends to decrease the wavenumbers due to back–donation into the π* 
antibonding molecular orbitals 
[150 – 158]
. This shift of the vibrational bands in 
Sr2Ni[(CN)N] to low wavenumbers is indicative of substantial π back 
donations which requires that carbon atom be directly bound to the π donor 
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nickel atom and a short Ni – C bond length, the bond length of Ni – C in 
Sr2[Ni(CN)N] is 175.9 pm. 
Various vibration bands that were observed for the infrared and Raman 
spectrum of Sr2[Ni(CN)N] compound synthesized by using isotopic 
13
C and 
12
C have been listed in Table 6.6 and 6.7.  
Table 6.6 Infrared vibrational bands observed for Sr2[Ni(CN)N] with 
isotopes 
12
C and 
13
C in cm
-1
. 
13
C  Peak Description* 
12
C Peak Description
 
0769.47 medium narrow peak 0759.8  medium narrow 
0839.86 medium narrow peak 0836.0  medium narrow 
1067.42 very
2
 strong peak 1061.6  very
2
 strong 
1132.99 very
3
 strong peak 1130.1  very
3
 strong 
1265.09 small depression 1264.1  small depression 
1785.78 sharp shoulder 1789.6  sharp shoulder 
1814.71 sharp peak 1803.1  sharp peak 
1981.52 first shoulder 1979.6  first shoulder 
2026.84 very
2
 weak peak 2024.9  very
2
 weak 
* The power indicates the order of strength compared to other peaks. 
Table 6.7 Raman vibrational bands observed for Sr2[Ni(CN)N] with 
isotopes 
12
C and 
13
C in cm
-1
.   
13
C  Peak Description
 12
C  Peak Description
 
0122.9 very
3
 weak shoulder 0124.0 very
3
 weak shoulder 
0139.4 very
2
 weak shoulder 0146.0 very
2
 weak shoulder 
0154.8 small sharp peak 0157.0 small sharp peak 
0171.3 sharp peak 0175.7 weak peak 
0198.6 weak hump 0199.7 very weak peak 
0220.4 very weak peak 0216.0 very
2
 weak peak 
0307.9 broad small peak 0315.4 very
5
 weak peak 
0516.7 weak prominent shoulder 0534.3 very
6
 weak peak 
0528.1 sharp broad weak peak 0546.7 broad weak peak 
0561.1 sharp strong peak 0571.4 sharp strong peak  
0702.4 slightly broad small peak 0708.4 slightly broad small peak 
1030.4 very
2
 weak shoulder 0995.8 very
2
 weak shoulder 
1086.6 very
2
 weak broad peak 1082.8 very
2
 weak broad peak 
1120.7 very
2
 weak broad
2
 peak 1118.8 very
2
 weak broad
2
 peak 
1204.0 very
10
 weak peak 1205.8 very
10
 weak peak 
1256.5 broad hump 1251.1 very
10
 weak broad peak 
1753.4 sharp strong peak 1793.8 sharp strong peak 
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Chapter 7                Results and Discussion 
Ternary alkaline earth nitridonickelates exhibit interesting crystal 
structures and physical properties. The nickel is in linear coordination by 
nitrogen and linear or zig-zag Ni-N chains are formed. Ba2[Ni3N2] is found to 
contain a planar corrugated networks [Ni3N2] with Ni in almost linear 
coordination by nitrogen. In the solid solution series Ba[Ni1-xCuxN] two 
different crystal structures depending on the parameter x are observed: in the 
ranges 1 ≥ x ≥ 0.55, and 0.20 ≥ x ≥ 0.10  the Ba[NiN] structure type is 
realised, in the region 0.55 ≥ x ≥ 0.20 the Ba[CoN] structure type is realised. 
The Ba[CuN] structure type was not realised, it is only stable at elevated 
pressures.  
Figure 7.1 gives an overview of the complex anions observed in Ni 
containing alkaline earth nitridometalates. 
 Figure 7.1 The complex anions in alkaline earth nitridometalates: 
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Ba[CoN] 
 
  
 
Ba[CuN] 
 
 
 
 
Nitridonickelates are among the first class of compounds to possess the 
lowest valence of nickel. Perhaps due to the higher polarizability of nitride 
ion N-3 and its strong reducing chemical nature. Ternary alkaline earth 
nitridonickelates exhibit a mixed low valent characteristic with the increasing 
dimensionality and complexity of structure towards the low symmetry (e.g. 
Ba2(Ba6N)[NiN]6, Ba2[Ni3N2]). High symmetry alkaline earth 
nitridonickelates are rarely known (e.g., Ca[NiN]) in which purely linear Ni – 
N coordination is observed. Among the studied ternary alkaline earth 
nitridonickelates most of them show an anti – ferromagnetic ordering at low 
temperature and are metallic in nature with an exception of Sr2[Ni(CN)N] 
where, a paramagnetic behaviour is observed and its electrical resistivity 
shows a semiconductor – insulator type transition with decreasing 
temperature.  
 
 134
Chapter 7                                                                        Results and Discussion
 
All the studied ternary alkaline earth nitridonickelates exhibits a valence 
state of nickel atom, lower than “+1” as evident from X–ray absorption near 
edge structure spectroscopy in Figure 7.2 along with the absorption spectra of 
nickel metal foil, and NiO where the nickel metal foil was used as the 
standard reference for nickel with “0” oxidation state and both the NiCl2 and 
NiO as a standard for +2 oxidation state. The X – ray absorption spectra of 
shows various contributions to the fine structure near the nickel K – edge. 
The secondary peaks are more visible from the derivative curve which shows 
at least four distinct maxima in the low energy region of the absorption edge, 
the comparison of derivative curve at different temperature is shown in 
Figure 7.3. 
    In the low energy region the X–ray absorption spectra shows a very close 
similarity to nickel spectrum with respect to position and shape of the K – 
edge indicating a small valence state of alkaline earth nitridonickelate. The 
difference starts to occur at the first maximum (shown by the first dotted line 
in Figure 7.2 and 7.3) which is reduced in alkaline earth nitridonickelate and 
alkaline earth cyano-nitridonickelate compared to nickel spectrum. The 
occurrence of this maximum is due to the main contribution at the nickel K – 
edge caused by the dipole excitation of 1s – state electrons to unoccupied 4p 
– states above the Fermi energy levels. This feature is observed in all the 
alkaline earth nitridonickelates. The absorption behaviour of the nickel 
element and that of the alkaline earth nitridonickelate and alkaline earth 
cyano-nitridonickelate are very similar in the low energy region. In case of 
the nickel element spectrum it was found that the absorption behaviour is 
dominated by the contribution of the unoccupied 3d – levels on the l = 1 
projection of the density of states in this energy range. The coincidence of 
both the spectra in this energy region indicates a similar 3d – level 
configuration for the nickel element and the alkaline earth nitridonickelates 
and alkaline earth cyano-nitridonickelate. This relation has to be further 
proved by the theoretical calculations of the absorption coefficient which 
should also give some hint towards the different nickel configurations in the 
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nickel element and alkaline earth nitridonickelate and alkaline earth cyano-
nitridonickelate from the absorption behaviour near to the first maximum.  
 
Figure 7.2      X–ray absorption spectra of alkaline earth nitridonickelate and cyano-nitridonickelate 
compared with Ni(0) and Ni(+2) as standard. The feature observed before 8320 eV 
appears due to the different concentration of nickel in the sample that was prepared 
for the XAS measurement, it is not due to sample properties. 
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Figure 7.3     Derivative curve of the X–ray absorption spectra of alkaline earth nitridonickelate and 
cyano-nitridonickelate compared with Ni(0) and Ni(+2) as standard. The feature 
observed before 8320 eV appears due to the different concentration of nickel in the 
sample that was prepared for the XAS measurement, it is not due to sample properties. 
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The observation of X-ray absorption spectroscopy is further 
strengthened by magnetic susceptibility measurements, where an effective 
magnetic moment for nickel atom per formula unit is always consistent with 
the effective magnetic moment for nickel +1 oxidation states having S = ½ 
spin state. Table 7.1 shows the effective magnetic moments for the ternary 
alkaline earth nitridonickelates and cyano-nitridonickelate. 
Table 7.1      Effective magnetic moments for ternary alkaline earth  
  nitridonickelates and cyano-nitridonickelate. 
Compound Observed 
µeff /f. u.  
(µB) 
Calculated 
µeff /f. u.  
(µB) 
Formal 
oxidation 
states of Ni 
Magnetic 
ordering at low 
temperature 
Ba[NiN] 1.50 1.73 1 x Ni = +1 Anti - 
Ferromagnetic 
Ba2[Ni3N2] 2.50 2.60 2 x Ni = +1 
1 x Ni = 0 
Anti – 
Ferromagnetic 
Ba2(Ba6N)[NiN]6 2.30 2.07 5 x Ni = +1 
1 x Ni = 0 
Anti – 
Ferromagnetic 
Sr2[Ni(CN)N] - - - Paramagnetic  
 
The ternary alkaline earth nitridonickelates order antiferromagnetically 
at low temperatures and show temperature dependent metallic conductivity 
whereas the cyano-nitridonickelate Sr2[Ni(CN)N] does not order at low 
temperature, is paramagnetic, and exhibits semiconducting behaviour.  
The systematic thermal investigation of the Ba – Ni – N system 
provides the information about the reaction pathway for the phase formations 
in this system. The observations derived from thermogravimetric and 
difference thermal analyses followed by subsequent powder X–ray diffraction 
investigations clearly show temperature dependent phase formation. These 
investigations also reveal that Ba[NiN] is the most stable phase up to 1523 K. 
The phases Ba2(Ba6N)[NiN]6 and Ba2[Ni3N2] decompose gradually into 
Ba[NiN] with increasing temperature whilst Ba[NiN] remains stable up to the 
highest temperature investigated (1523 K).  
From the crystallographic point of view, Ba2[Ni3N2] presents a 
challenge with respect to the position of Ni(2) atom, which is located on the 
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mirror plane, due to its non – symmetrical anisotropic thermal displacement 
parameters. The anomaly in the anisotropic displacement parameters for 
Ni(2) gave rise to a detailed investigation of the low temperature behavior of 
the crystal structure of Ba2[Ni3N2]. Close investigation of both room 
temperature and low temperature X-ray diffraction data did not reveal any 
superstructure reflections or violations of reflection conditions. To distinguish 
between dynamic (“cigar shaped” thermal vibrations) and static displacement 
(Ni(2) split position), low temperature single crystal X-ray diffraction data 
were collected at temperatures of 200 K and 100 K, respectively. 
Refinements of these data clearly prove the validity of the split position 
model. Whereas the cross section of the thermal displacement ellipsoid in the 
“idealized” model (Ni(2) in (0,0.5,0)) steadily decreases with decreasing 
temperature, the longest axis of the thermal displacement ellipsoid remains 
constant indicating a clear inconsistency in the model. In contrast, in the split 
position model (Ni(2) in (0.02,0.5,0)) the thermal displacement ellipsoid 
isotropically decreases with decreasing temperature, whereas the Ni(2)-Ni(2) 
distance remains virtually constant (29(2) pm). 
To discuss the split position of Ni(2) in more detail, group – sub-group 
relations were taken into consideration.  The space group Cmca has 15 
maximal non-isomorphic sub-groups, but in only 4 of them (C2221 (#20), 
C2ca (#41), Pbcb (#54), Pbna (#60)) the split position Ni(2) is resolved into 
two independent positions Ni(2a) and Ni(2b) (Figure 7.4). In the 11 other 
maximal non-isomorphic subgroups the split position Ni(2) remains unaltered 
due to symmetry restrictions. Data refinement in any of these four sub-groups 
does not lead to any improvement in the crystal structure description, but 
always results in twin models which resemble the Ni(2) split position. Since 
there are no indications of macroscopic twinning, it has to be assumed that 
either ‘real’ disorder is prevalent or ordered microstructural domains are 
present. For a deeper insight into this topic, electronic structure calculations 
have been performed. 
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Starting from the description of Ba2[Ni3N2] in the space group Cmca 
(#64) with Ni(2) in the center of the large thermal displacement ellipsoid, 
total energy calculations were done for the four different ordered occupation 
patterns shown in Figure 7.4 using the subgroups C2221 (#20), C2ca (#41), 
Pbcb (#54), and Pbna (#60), respectively. As a result, the C2221 arrangement 
was found to exhibit the lowest energy, although the other Ni(2) occupation 
patterns are very close in energy. Normalized to the energy of the C2221 
arrangement, they differ by 3.0 meV (35 K, C2ca), 3.2 meV (37 K, Pbcb), 
and 5.2 meV (61 K, Pbna) per formula unit, only. On the other hand, the 
description in terms of the non-split Cmca structure yields an energy of about 
2300 meV above the C2221 structure and can therefore be excluded as a 
stable state at low temperatures. Considering the very small energy 
differences between the ordered occupation patterns, a long range distance 
ordering of the Ni(2) split positions is not expected even at low temperatures. 
The energy barrier between the Ni(2) split positions (the Cmca energy gives a 
raw estimate) is more than two orders of magnitude higher than the difference 
between the different Ni(2) arrangements, therefore, any Ni ordering is highly 
inhibited. Furthermore, the small energy differences between the four Ni(2) 
patterns will be even further reduced by local relaxation which is neglected in 
the calculations. That leads us to the conclusion that the Ni(2) split position 
should be completely randomly occupied and corresponds well with the 
results of the crystal structure refinements. 
Various methods for the synthesis of ternary alkaline earth 
nitridonickelates have been employed. In some cases the method is specific to 
the phase. An apparent look at the synthesis of Ba – Ni – N system that is, 
Ba2(Ba6N)[Ni+0.83N]6, Ba[Ni+1N] and, Ba2[Ni N0.673
+
2],  clearly shows an 
increase in the temperature of synthesis with the increase in the nickel content 
per formula unit, while the order of nickel content with respect to the formal 
oxidation state of the nickel roughly follows an inverse order. On the other 
hand higher reaction temperature with mild pressure was found to be most 
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suitable to synthesize Sr2[Ni(CN)N]. The trials to make this phase by varying 
the reaction gas and the temperature but without any pressure did not yield 
Sr2[Ni(CN)N] however, a mild in – situ nitrogen pressure was found to be 
essential for the synthesis. The high temperature dwelling (~1123K) with 
faster cooling rate was found to be most suitable for the synthesis of 
Ba[Cu0.31Ni0.69N]. Overall deducing the exact reaction conditions for the 
synthesis of alkaline earth nitridonickelates is a challenging task. The most 
reliable technique of thermogravimetric–difference thermal analysis also 
provides only limited information. It is a matter of clever designing the 
synthetic conditions of alkaline earth nitridonickelate and to a great extent an 
effort of trial and errors followed with learning by doing. 
The interesting crystal structures of alkaline earth nitridonickelates and 
their interesting physical properties motivates to investigate them more 
systematically and evaluate their chances for any potential application. 
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Chapter 8        Conclusion and Outlook 
 
Ternary alkaline earth nitridonickelates have been found to exhibit 
structural specific physical properties. Most of the ternary alkaline earth 
nitridonickelates have the basic building motif made up of transition metal–
nitrogen anionic one–dimensional chains or two–dimensional networks.  
The unique structural feature of alkaline earth nitridonickelates lies in 
the coordination geometry of low valent nickel (≤ + 1), the nickel atom is in 
purely linear coordination with only nitrogen atom. The linear coordination of 
nickel and the lower than +1 oxidation state for nickel is unique structural 
feature of nitridonickelate compounds which is also observed in at least 
copper and cobalt containing nitridometalates.  
In this work an emphasis was given to prepare single phase samples of 
ternary alkaline earth nitridonickelates and to investigate their physical 
properties. Synthetic challenges were realized towards achieving this goal 
though success was achieved in few systems which could be investigated for 
their physical properties.  
The discovery of solid solution series Ba[Ni1-xCuxN] (0.20 ≤ x ≤ 1) with 
its structural characteristic encourages further investigation to understand the 
structural preferences it exhibits. 
Sr2[Ni(CN)N] has been remarkably synthesized only under mild 
nitrogen pressure. Till date Sr2[Ni(CN)N] remains the only cyano-nitrido 
nickelate to exhibit the simultaneous presence of a cyanide ligand (CN-) 
along with nitride (N3-) in all the nitridometalates investigated so far. 
Attempts made to synthesize Sr2[Ni(CN)N] by using ambient pressure 
technique have always yielded cyanamides (CN ) under nitrogen 
atmosphere while, acetylene (C ) under argon atmosphere. This observation 
−2
2
−2
2
 
 143
Chapter 8                                                                      Conclusion and Outlook                       
 
motivates to further investigate the other known nitridometalates under 
strongly oxidizing atmosphere. 
The investigation of Ba–Ni–N system by thermogravimetric and 
difference thermal analysis followed by powder X–ray diffraction analysis 
provides a better understanding in the phase stability in this system, which 
could be extended to investigate other nitridometalates. 
The investigation of the barium substitution by strontium or calcium in 
Ba2(Ba6N)[NiN]6 has provided information about the structural stability of 
Ba2(Ba6N)[NiN]6 over a wide substitution range. It would be of interest to 
prepare these substituted compounds and study their crystal structures and to 
investigate the physical properties. The parent compound which was 
investigated during this work exhibits interesting structural specific physical 
properties. Similar investigation of substitution could be performed on other 
nitridonickelates to learn about the structural stability and the effect of 
substitution on their physical properties. It should be noted that the solid 
solution series Ba[Ni1-xCuxN] (0.20 ≤ x ≤ 1) was discovered while an attempt 
was made to prepare the copper substituted variant of alkaline earth 
nitridonickelate.  
The alkaline earth nitridonickelates studied in this work exhibit 
interesting structural specific physical properties. Synthetic challenges were 
overcome by trial and error method to prepare pure phase samples, 
comprehensive investigation of the low valent character of nickel in these 
compounds was carried out. The investigation of physical properties 
combined with theoretical calculations has provided a good understanding 
and should be extended to understand other nitridometalates. 
Overall we were able to investigate the targeted alkaline earth 
nitridonickelates, and also characterize the low valent (≤+1) character 
exhibited by nickel in these compounds. This work has provided a better 
understanding of low valent nickel systems from their crystal structure to the 
specific physical properties they exhibit, and motivates to study further the 
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physical properties of other nitridometalates that are also known exhibit 
different crystal structures with respect to their nitridometalate anionic 
framework and thus, structure specific physical properties are also to be 
expected. 
In the last few decades nitridometalates have been mainly studied for 
their crystal structure investigation and struggles were faced in careful 
handling of the air and moisture sensitive compounds. The study of their 
physical properties could not be performed, perhaps due to the limitation of 
handling of air and moisture sensitive compounds. The recent advancements 
of technology in this respect and also, the results obtained from this work 
should encourage the proper investigation of the physical properties of 
nitridometalates. A rough classification of nitrides and nitridometalates was 
greatly based on the crystal structure only however, with the recent 
advancement of technology this classification should be extended to be based 
on the relationship of their structure and properties. 
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Appendix A 
Crystallographic data for the low temperature single crystal X – ray 
diffraction measurements for Ba2[Ni3N2]: 
Temperature = 293 K 
A 
Bibliographic data 
 
Temperature of Measurement  293 K (room temperature) 
 
Ni(2) position assumed  Split Position 
 
Creation method   SHELXL-97 
 
Crystal data
Formula sum Ba2 N2 Ni3
Formula weight 478.83 g/mol. 
Crystal system orthorhombic 
Space group C m c a (no. 64) 
Unit cell dimensions a = 715.27(2) pm 
 b = 1033.00(2) pm 
 c = 740.10(2) pm 
Cell volume 546.84 x 106 pm3 
Z 4 
Density, calculated 5.816 g/cm3 
RAll 0.015 
Pearson code oC32 
Formula type N2O2P3 
Wyckoff sequence f2ed 
 
Atomic coordinates
 
Atom Wyck. Occ. x y z 
Ba1 8f 1 0 0.16890(1) 0.09088(2)  
Ni1 8e 1 1/4 0.42484(3) 1/4  
Ni2 8d  0.5 0.0207(5) 1/2 0  
N1 8f 1 0 0.4259(2) 0.2298(3)  
 
Anisotropic displacement parameters (in pm 2)
 
Atom U11 U22 U33 U12 U13 U23 
Ba1 131.5(9) 079.0(9) 089.2(8) 0 0 -9.9(5) 
Ni1 038.0(1) 103.5(2) 109.7(1) 0 3.2(11) 0 
Ni2 135.0(15) 109.0(2) 075.0(2) 0 0 16.1(2) 
N1 047.0(9) 103.0(10) 094.0(10) 0 0 9(7) 
 
Selected Bond Lenghts (pm)
 
Ba1 — N1I                    283.9(2) Ni1 — Ba1ix             324.0(1) 
Ba1 — N1                     284.7(2) Ni1 — Ba1x             330.8(1) 
Ba1 — N1ii                   284.6(2) Ni1 — Ba1xi             330.8(1) 
Ba1 — Ni1ii                  324.0(1) Ni1 — Ba1vii             797.9(1) 
Ba1 — Ni1iii                 324.0(1) Ni2 — Ni2vi             029.6(5) 
Ba1 — Ni1iv                 330.8(1) Ni2 — N1             187.1(2) 
Ba1 — Ni1I                   330.8(1) Ni2 — N1vi             187.1(2) 
Ba1 — Ni1                    340.2(1) Ni2 — Ni1xii             1137.8(2) 
Ba1 — Ni1v                1314.9(3) Ni2 — Ni1vi             278.8(3) 
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Ba1 — Ni2vi                 348.9(1) Ni2 — Ni1v             992.2(2) 
Ba1 — Ni2                    348.9(1) Ni2 — Ba1vi             348.9(1) 
Ba1 — Ni2I                  349.8(1) Ni2 — Ba1xi             349.8(1) 
Ni1 — N1vii               1049.5(3) Ni2 — Ba1ii             349.8(1) 
Ni1 — N1                     179.4(0) Ni2 — Ba1x             390.5(3) 
Ni1 — Ni2viii             1137.8(2) N1 — Ni1v                1047.4(3) 
Ni1 — Ni2                    259.2(2) N1 — Ni2vi             187.1(2) 
Ni1 — Ni2vii              1142.5(2) N1 — Ba1xi             283.9(2) 
Ni1 — Ni2vi                 278.8(3) N1 — Ba1ix             284.6(2) 
Ni1 — Ba1iii                 324.0(1)  
 
Selected Bond Angles (°)
 
N1i—Ba1—N1 130.96(6) Ba1x—Ni1—Ba1xi 80.68(0) 
N1i—Ba1—N1ii 97.74(6) N1vii—Ni1—Ba1 149.33(0) 
N1—Ba1—N1ii 131.30(6) N1—Ni1—Ba1 56.78(0) 
N1i—Ba1—Ni1ii 95.72(1) Ni2viii—Ni1—Ba1 152.95(0) 
N1—Ba1—Ni1ii 124.04(1) Ni2—Ni1—Ba1 69.70(1) 
N1ii—Ba1—Ni1ii 33.50(1) Ni2vii—Ni1—Ba1 154.24(0) 
N1i—Ba1—Ni1iii 95.72(1) Ni2vi—Ni1—Ba1 67.77(1) 
N1—Ba1—Ni1iii 124.04(1) Ba1iii—Ni1—Ba1 77.78(0) 
N1ii—Ba1—Ni1iii 33.50(1) Ba1ix—Ni1—Ba1 75.36(0) 
Ni1ii—Ba1—Ni1iii 66.99(0) Ba1x—Ni1—Ba1 138.87(0) 
N1i—Ba1—Ni1iv 32.83(1) Ba1xi—Ni1—Ba1 115.56(1) 
N1—Ba1—Ni1iv 125.61(1) N1vii—Ni1—Ba1vii 8.34(0) 
N1ii—Ba1—Ni1iv 94.13(0) N1—Ni1—Ba1vii 103.28(1) 
Ni1ii—Ba1—Ni1iv 75.59(0) Ni2viii—Ni1—Ba1vii 4.72(0) 
Ni1iii—Ba1—Ni1iv 110.35(0) Ni2—Ni1—Ba1vii 87.63(0) 
N1i—Ba1—Ni1i 32.83(1) Ni2vii—Ni1—Ba1vii 3.28(0) 
N1—Ba1—Ni1i 125.61(1) Ni2vi—Ni1—Ba1vii 89.16(0) 
N1ii—Ba1—Ni1i 94.13(0) Ba1iii—Ni1—Ba1vii 106.21(0) 
Ni1ii—Ba1—Ni1i 110.35(0) Ba1ix—Ni1—Ba1vii 107.26(0) 
Ni1iii—Ba1—Ni1i 75.59(0) Ba1x—Ni1—Ba1vii 36.59(0) 
Ni1iv—Ba1—Ni1i 65.45(0) Ba1xi—Ni1—Ba1vii 48.27(0) 
N1i—Ba1—Ni1 121.68(1) Ba1—Ni1—Ba1vii 156.56(0) 
N1—Ba1—Ni1 31.82(1) Ni2vi—Ni2—N1 85.46(2) 
N1ii—Ba1—Ni1 126.33(1) Ni2vi—Ni2—N1vi 85.46(2) 
Ni1ii—Ba1—Ni1 142.35(0) N1—Ni2—N1vi 170.92(10) 
Ni1iii—Ba1—Ni1 102.22(1) Ni2vi—Ni2—Ni1 129.26(5) 
Ni1iv—Ba1—Ni1 138.87(0) N1—Ni2—Ni1 43.82(1) 
Ni1i—Ba1—Ni1 100.66(1) N1vi—Ni2—Ni1 145.25(1) 
N1i—Ba1—Ni1v 146.14(2) Ni2vi—Ni2—Ni1xii 98.29(3) 
N1—Ba1—Ni1v 17.75(2) N1—Ni2—Ni1xii 123.96(2) 
N1ii—Ba1—Ni1v 115.06(1) N1vi—Ni2—Ni1xii 57.60(3) 
Ni1ii—Ba1—Ni1v 106.83(1) Ni1—Ni2—Ni1xii 108.50(1) 
Ni1iii—Ba1—Ni1v 116.08(0) Ni2vi—Ni2—Ni1vi 46.02(5) 
Ni1iv—Ba1—Ni1v 130.29(1) N1—Ni2—Ni1vi 131.46(1) 
Ni1i—Ba1—Ni1v 142.53(0) N1vi—Ni2—Ni1vi 39.46(1) 
Ni1—Ba1—Ni1v 43.43(0) Ni1—Ni2—Ni1vi 175.28(1) 
N1i—Ba1—Ni2vi 163.09(4) Ni1xii—Ni2—Ni1vi 73.76(0) 
N1—Ba1—Ni2vi 32.38(4) Ni2vi—Ni2—Ni1v 78.75(3) 
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N1ii—Ba1—Ni2vi 98.99(3) N1—Ni2—Ni1v 102.06(1) 
Ni1ii—Ba1—Ni2vi 96.86(1) N1vi—Ni2—Ni1v 76.12(1) 
Ni1iii—Ba1—Ni2vi 99.57(1) Ni1—Ni2—Ni1v 106.19(1) 
Ni1iv—Ba1—Ni2vi 142.46(1) Ni1xii—Ni2—Ni1v 28.19(0) 
Ni1i—Ba1—Ni2vi 147.01(1) Ni1vi—Ni2—Ni1v 73.75(0) 
Ni1—Ba1—Ni2vi 47.72(0) Ni2vi—Ni2—Ba1vi 87.57(3) 
Ni1v—Ba1—Ni2vi 17.11(0) N1—Ni2—Ba1vi 124.96(6) 
N1i—Ba1—Ni2 163.09(4) N1vi—Ni2—Ba1vi 54.57(3) 
N1—Ba1—Ni2 32.38(4) Ni1—Ni2—Ba1vi 117.27(1) 
N1ii—Ba1—Ni2 98.99(3) Ni1xii—Ni2—Ba1vi 10.85(0) 
Ni1ii—Ba1—Ni2 99.57(1) Ni1vi—Ni2—Ba1vi 64.51(0) 
Ni1iii—Ba1—Ni2 96.86(1) Ni1v—Ni2—Ba1vi 23.61(0) 
Ni1iv—Ba1—Ni2 147.01(1) Ni2vi—Ni2—Ba1 87.57(3) 
Ni1i—Ba1—Ni2 142.46(1) N1—Ni2—Ba1 54.57(3) 
Ni1—Ba1—Ni2 44.16(0) N1vi—Ni2—Ba1 124.96(6) 
Ni1v—Ba1—Ni2 19.23(0) Ni1—Ni2—Ba1 66.14(0) 
Ni2vi—Ba1—Ni2 4.86(0) Ni1xii—Ni2—Ba1 173.91(0) 
N1i—Ba1—Ni2i 32.26(4) Ni1vi—Ni2—Ba1 111.80(1) 
N1—Ba1—Ni2i 98.77(3) Ni1v—Ni2—Ba1 154.12(0) 
N1ii—Ba1—Ni2i 129.88(4) Ba1vi—Ni2—Ba1 175.14(1) 
Ni1ii—Ba1—Ni2i 123.25(0) Ni2vi—Ni2—Ba1xi 87.57(2) 
Ni1iii—Ba1—Ni2i 120.1() N1—Ni2—Ba1xi 54.11(3) 
Ni1iv—Ba1—Ni2i 48.28(0) N1vi—Ni2—Ba1xi 125.41(7) 
Ni1i—Ba1—Ni2i 44.66(0) Ni1—Ni2—Ba1xi 63.78(0) 
Ni1—Ba1—Ni2i 93.77(0) Ni1xii—Ni2—Ba1xi 70.12(0) 
Ni1v—Ba1—Ni2i 114.86(0) Ni1vi—Ni2—Ba1xi 113.96(0) 
Ni2vi—Ba1—Ni2i 131.12(1) Ni1v—Ni2—Ba1xi 49.46(0) 
Ni2—Ba1—Ni2i 130.85(1) Ba1vi—Ni2—Ba1xi 71.1() 
N1vii—Ni1—N1 99.49(1) Ba1—Ni2—Ba1xi 108.68(0) 
N1vii—Ni1—Ni2viii 8.66(0) Ni2vi—Ni2—Ba1ii 87.57(2) 
N1—Ni1—Ni2viii 98.70(1) N1—Ni2—Ba1ii 125.41(7) 
N1vii—Ni1—Ni2 79.79(1) N1vi—Ni2—Ba1ii 54.11(3) 
N1—Ni1—Ni2 46.21(1) Ni1—Ni2—Ba1ii 119.7() 
Ni2viii—Ni1—Ni2 85.12(0) Ni1xii—Ni2—Ba1ii 110.62(0) 
N1vii—Ni1—Ni2vii 8.5() Ni1vi—Ni2—Ba1ii 62.3() 
N1—Ni1—Ni2vii 100.16(1) Ni1v—Ni2—Ba1ii 129.31(0) 
Ni2viii—Ni1—Ni2vii 1.47(0) Ba1vi—Ni2—Ba1ii 108.68(0) 
Ni2—Ni1—Ni2vii 86.08(0) Ba1—Ni2—Ba1ii 71.1() 
N1vii—Ni1—Ni2vi 81.57(0) Ba1xi—Ni2—Ba1ii 175.15(0) 
N1—Ni1—Ni2vi 41.50(1) Ni2vi—Ni2—Ba1x 151.39(11) 
Ni2viii—Ni1—Ni2vi 86.34(0) N1—Ni2—Ba1x 95.49(1) 
Ni2—Ni1—Ni2vi 4.72(0) N1vi—Ni2—Ba1x 92.48(1) 
Ni2vii—Ni1—Ni2vi 87.39(0) Ni1—Ni2—Ba1x 56.99(0) 
N1vii—Ni1—Ba1iii 102.21(1) Ni1xii—Ni2—Ba1x 57.68(0) 
N1—Ni1—Ba1iii 119.14(0) Ni1vi—Ni2—Ba1x 126.83(1) 
Ni2viii—Ni1—Ba1iii 109.8() Ni1v—Ni2—Ba1x 73.08(0) 
Ni2—Ni1—Ba1iii 83.28(0) Ba1vi—Ni2—Ba1x 68.44(0) 
Ni2vii—Ni1—Ba1iii 108.85(0) Ba1—Ni2—Ba1x 116.23(0) 
Ni2vi—Ni1—Ba1iii 87.12(0) Ba1xi—Ni2—Ba1x 70.44(0) 
N1vii—Ni1—Ba1ix 112.17(0) Ba1ii—Ni2—Ba1x 114.15(0) 
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N1—Ni1—Ba1ix 61.1() Ni1—N1—Ni1v 100.08(1) 
Ni2viii—Ni1—Ba1ix 104.16(0) Ni1—N1—Ni2vi 99.04(1) 
Ni2—Ni1—Ba1ix 107.23(0) Ni1v—N1—Ni2vi 66.20(1) 
Ni2vii—Ni1—Ba1ix 104.95(0) Ni1—N1—Ni2 89.96(3) 
Ni2vi—Ni1—Ba1ix 102.51(0) Ni1v—N1—Ni2 67.88(2) 
Ba1iii—Ni1—Ba1ix 145.22(0) Ni2vi—N1—Ni2 9.08(0) 
N1vii—Ni1—Ba1x 33.07(0) Ni1—N1—Ba1xi 88.08(1) 
N1—Ni1—Ba1x 120.29(1) Ni1v—N1—Ba1xi 28.64(1) 
Ni2viii—Ni1—Ba1x 40.18(0) Ni2vi—N1—Ba1xi 93.62(5) 
Ni2—Ni1—Ba1x 81.93(0) Ni2—N1—Ba1xi 93.62(5) 
Ni2vii—Ni1—Ba1x 39.2() Ni1—N1—Ba1 91.40(1) 
Ni2vi—Ni1—Ba1x 85.81(0) Ni1v—N1—Ba1 157.50(2) 
Ba1iii—Ni1—Ba1x 69.65(0) Ni2vi—N1—Ba1 93.05(5) 
Ba1ix—Ni1—Ba1x 143.45(0) Ni2—N1—Ba1 93.05(5) 
N1vii—Ni1—Ba1xi 48.40(1) Ba1xi—N1—Ba1 173.30(8) 
N1—Ni1—Ba1xi 59.09(0) Ni1—N1—Ba1ix 85.39(1) 
Ni2viii—Ni1—Ba1xi 43.62(0) Ni1v—N1—Ba1ix 109.00(1) 
Ni2—Ni1—Ba1xi 71.56(0) Ni2vi—N1—Ba1ix 173.88(7) 
Ni2vii—Ni1—Ba1xi 45.01(0) Ni2—N1—Ba1ix 173.88(7) 
Ni2vi—Ni1—Ba1xi 69.43(0) Ba1xi—N1—Ba1ix 82.26(6) 
Ba1iii—Ni1—Ba1xi 143.45(0) Ba1—N1—Ba1ix 91.04(6) 
Ba1ix—Ni1—Ba1xi 69.65(0)  
 
Symmetry codes: 
(i) x, -0.5+y, 0.5-z; (ii) -x, 0.5-y, -0.5+z; (iii) 0.5-x, 0.5-y, -z; (iv) -0.5+x, -0.5+y, z;  
(v) -0.5+x, 1+y, 0.5-z; (vi) -x, 1-y, -z; (vii) 0.5+x, 1+y, 0.5-z; (viii) 0.5-x, 2-y, 0.5+z;  
(ix) -x, 0.5-y, 0.5+z; (x) 0.5+x, 0.5+y, z; (xi) x, 0.5+y, 0.5-z; (xii) 0.5-x, 2-y, -0.5+z. 
 
 
B 
Bibliographic data 
 
Temperature of Measurement  293 K (room temperature) 
 
Ni(2) position assumed  Thermal Ellipsoidal Position (Cigar Shape) 
 
 
Creation method   SHELXL-97 
 
Crystal data
Formula sum Ba2 N2 Ni3
Formula weight 478.83 g/mol. 
Crystal system orthorhombic 
Space group C m c a (no. 64) 
Unit cell dimensions a = 715.27(2) pm 
 b = 1033.00(2) pm 
 c = 740.10(2) pm 
Cell volume 546.84 x 106 pm3 
Z 4 
Density, calculated 5.816 g/cm3 
RAll 0.016 
Pearson code oC28 
Formula type N2O2P3 
Wyckoff sequence f2eb 
 
Atomic coordinates
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Atom Wyck. x y z 
Ba1 8f 0 0.16891(2) 0.09088(2)  
Ni1 8e 1/4 0.42484(3) 1/4  
Ni2 4b 0 1/2 0  
N1 8f 0 0.4259(2) 0.2299(3)  
 
Anisotropic displacement parameters (in pm 2)
 
Atom U11 U22 U33 U12 U13 U23 
Ba1 131.9(9) 079.1(9) 089.3(9) 0 0 -10.0(5) 
Ni1 037.2(15) 103.7(17) 109.8(14) 0 2.4(12) 0 
Ni2 038.9(3) 106.0(2) 072.0(2) 0 0 16.1(2) 
N1 047.0(10) 102.0(10) 095.0(10) 0 0 11.0(8) 
 
Selected bond lenghts (pm)
 
Ba1—N1i 283.9(2) Ni1—Ba1iii 324.0(1) 
Ba1—N1 284.7(2) Ni1—Ba1vi 324.0(1) 
Ba1—N1ii 284.5(2) Ni1—Ba1x 330.8(1) 
Ba1—Ni1ii 324.0(1) Ni1—Ba1xi 330.8(1) 
Ba1—Ni1iii 324.0(1) Ni1—Ba1viii 797.9(1) 
Ba1—Ni1iv 330.8(1) Ni2—N1 186.6(2) 
Ba1—Ni1i 330.8(1) Ni2—N1xii 186.6(2) 
Ba1—Ni1 340.2(1) Ni2—Ni1xii 268.8(0) 
Ba1—Ni1v 1314.9(3) Ni2—Ni1xiii 1140.1(2) 
Ba1—Ni2 348.6(1) Ni2—Ni1v 989.4(2) 
Ba1—Ni2vi 349.5(1) Ni2—Ba1xii 348.6(1) 
Ba1—Ba1vii 374.0(1) Ni2—Ba1xi 349.5(1) 
Ni1—N1viii 1049.5(3) Ni2—Ba1ii 349.5(1) 
Ni1—N1 179.4(0) N1—Ni1v 1047.4(3) 
Ni1—Ni2ix 1140.1(2) N1—Ba1xi 283.9(2) 
Ni1—Ni2 268.8(0) N1—Ba1vi 284.5(2) 
 
 
Selected bond angles (°)
 
N1i—Ba1—N1 130.96(6) Ba1vi—Ni1—Ba1x 143.45(0) 
N1i—Ba1—N1ii 97.72(6) N1viii—Ni1—Ba1xi 48.40(1) 
N1—Ba1—N1ii 131.32(6) N1—Ni1—Ba1xi 59.08(0) 
N1i—Ba1—Ni1ii 95.71(1) Ni2ix—Ni1—Ba1xi 44.31(0) 
N1—Ba1—Ni1ii 124.06(1) Ni2—Ni1—Ba1xi 70.44(0) 
N1ii—Ba1—Ni1ii 33.50(1) Ba1iii—Ni1—Ba1xi 143.45(0) 
N1i—Ba1—Ni1iii 95.71(1) Ba1vi—Ni1—Ba1xi 69.65(0) 
N1—Ba1—Ni1iii 124.06(1) Ba1x—Ni1—Ba1xi 80.68(0) 
N1ii—Ba1—Ni1iii 33.50(1) N1viii—Ni1—Ba1 149.33(0) 
Ni1ii—Ba1—Ni1iii 66.99(0) N1—Ni1—Ba1 56.79(0) 
N1i—Ba1—Ni1iv 32.83(1) Ni2ix—Ni1—Ba1 153.6() 
N1—Ba1—Ni1iv 125.60(1) Ni2—Ni1—Ba1 68.68(1) 
N1ii—Ba1—Ni1iv 94.13(0) Ba1iii—Ni1—Ba1 77.78(0) 
Ni1ii—Ba1—Ni1iv 75.59(0) Ba1vi—Ni1—Ba1 75.36(0) 
Ni1iii—Ba1—Ni1iv 110.35(0) Ba1x—Ni1—Ba1 138.87(1) 
N1i—Ba1—Ni1i 32.83(1) Ba1xi—Ni1—Ba1 115.56(1) 
N1—Ba1—Ni1i 125.60(1) N1viii—Ni1—Ba1viii 8.34(0) 
N1ii—Ba1—Ni1i 94.13(0) N1—Ni1—Ba1viii 103.28(1) 
Ni1ii—Ba1—Ni1i 110.35(0) Ni2ix—Ni1—Ba1viii 3.99(0) 
Ni1iii—Ba1—Ni1i 75.59(0) Ni2—Ni1—Ba1viii 88.42(0) 
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Ni1iv—Ba1—Ni1i 65.45(0) Ba1iii—Ni1—Ba1viii 106.21(0) 
N1i—Ba1—Ni1 121.69(1) Ba1vi—Ni1—Ba1viii 107.26(0) 
N1—Ba1—Ni1 31.82(1) Ba1x—Ni1—Ba1viii 36.59(0) 
N1ii—Ba1—Ni1 126.33(1) Ba1xi—Ni1—Ba1viii 48.27(0) 
Ni1ii—Ba1—Ni1 142.35(0) Ba1—Ni1—Ba1viii 156.56(0) 
Ni1iii—Ba1—Ni1 102.22(1) N1—Ni2—N1xii 179.99(10) 
Ni1iv—Ba1—Ni1 138.87(0) N1—Ni2—Ni1xii 138.27(1) 
Ni1i—Ba1—Ni1 100.66(1) N1xii—Ni2—Ni1xii 41.73(1) 
N1i—Ba1—Ni1v 146.15(2) N1—Ni2—Ni1 41.73(1) 
N1—Ba1—Ni1v 17.76(2) N1xii—Ni2—Ni1 138.27(1) 
N1ii—Ba1—Ni1v 115.07(1) Ni1xii—Ni2—Ni1 180.0() 
Ni1ii—Ba1—Ni1v 106.83(1) N1—Ni2—Ni1xiii 123.21(2) 
Ni1iii—Ba1—Ni1v 116.08(0) N1xii—Ni2—Ni1xiii 56.79(2) 
Ni1iv—Ba1—Ni1v 130.29(1) Ni1xii—Ni2—Ni1xiii 73.21(0) 
Ni1i—Ba1—Ni1v 142.53(0) Ni1—Ni2—Ni1xiii 106.79(0) 
Ni1—Ba1—Ni1v 43.43(0) N1—Ni2—Ni1v 103.04(1) 
N1i—Ba1—Ni2 163.28(4) N1xii—Ni2—Ni1v 76.96(1) 
N1—Ba1—Ni2 32.31(4) Ni1xii—Ni2—Ni1v 74.31(0) 
N1ii—Ba1—Ni2 99.01(4) Ni1—Ni2—Ni1v 105.69(0) 
Ni1ii—Ba1—Ni2 98.22(1) Ni1xiii—Ni2—Ni1v 28.12(0) 
Ni1iii—Ba1—Ni2 98.22(1) N1—Ni2—Ba1xii 125.35(6) 
Ni1iv—Ba1—Ni2 144.75(1) N1xii—Ni2—Ba1xii 54.65(6) 
Ni1i—Ba1—Ni2 144.75(1) Ni1xii—Ni2—Ba1xii 65.4() 
Ni1—Ba1—Ni2 45.92(0) Ni1—Ni2—Ba1xii 114.6() 
Ni1v—Ba1—Ni2 18.04(0) Ni1xiii—Ni2—Ba1xii 9.18(0) 
N1i—Ba1—Ni2vi 32.20(4) Ni1v—Ni2—Ba1xii 24.31(0) 
N1—Ba1—Ni2vi 98.77(4) N1—Ni2—Ba1 54.65(6) 
N1ii—Ba1—Ni2vi 129.92(4) N1xii—Ni2—Ba1 125.35(6) 
Ni1ii—Ba1—Ni2vi 121.69(0) Ni1xii—Ni2—Ba1 114.6() 
Ni1iii—Ba1—Ni2vi 121.69(0) Ni1—Ni2—Ba1 65.4() 
Ni1iv—Ba1—Ni2vi 46.45(0) Ni1xiii—Ni2—Ba1 170.82(0) 
Ni1i—Ba1—Ni2vi 46.45(0) Ni1v—Ni2—Ba1 155.69(0) 
Ni1—Ba1—Ni2vi 95.05(0) Ba1xii—Ni2—Ba1 180.0() 
Ni1v—Ba1—Ni2vi 114.52(0) N1—Ni2—Ba1xi 54.17(7) 
Ni2—Ba1—Ni2vi 131.08(1) N1xii—Ni2—Ba1xi 125.83(7) 
N1i—Ba1—Ba1vii 48.93(4) Ni1xii—Ni2—Ba1xi 116.89(0) 
N1—Ba1—Ba1vii 179.90(4) Ni1—Ni2—Ba1xi 63.11(0) 
N1ii—Ba1—Ba1vii 48.79(4) Ni1xiii—Ni2—Ba1xi 69.77(0) 
Ni1ii—Ba1—Ba1vii 56.02(0) Ni1v—Ni2—Ba1xi 49.9() 
Ni1iii—Ba1—Ba1vii 56.02(0) Ba1xii—Ni2—Ba1xi 71.17(0) 
Ni1iv—Ba1—Ba1vii 54.33(1) Ba1—Ni2—Ba1xi 108.83(1) 
Ni1i—Ba1—Ba1vii 54.33(1) N1—Ni2—Ba1ii 125.83(7) 
Ni1—Ba1—Ba1vii 148.17(1) N1xii—Ni2—Ba1ii 54.17(7) 
Ni1v—Ba1—Ba1vii 162.33(0) Ni1xii—Ni2—Ba1ii 63.11(0) 
Ni2—Ba1—Ba1vii 147.79(1) Ni1—Ni2—Ba1ii 116.89(0) 
Ni2vi—Ba1—Ba1vii 81.13(0) Ni1xiii—Ni2—Ba1ii 110.23(0) 
N1viii—Ni1—N1 99.49(1) Ni1v—Ni2—Ba1ii 130.1() 
N1viii—Ni1—Ni2ix 8.55(0) Ba1xii—Ni2—Ba1ii 108.83(1) 
N1—Ni1—Ni2ix 99.43(1) Ba1—Ni2—Ba1ii 71.17(0) 
N1viii—Ni1—Ni2 80.71(1) Ba1xi—Ni2—Ba1ii 180.0() 
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N1—Ni1—Ni2 43.79(0) Ni1—N1—Ni1v 100.08(1) 
Ni2ix—Ni1—Ni2 86.25(0) Ni1—N1—Ni2 94.48(1) 
N1viii—Ni1—Ba1iii 102.21(1) Ni1v—N1—Ni2 66.97(1) 
N1—Ni1—Ba1iii 119.16(0) Ni1—N1—Ba1xi 88.09(1) 
Ni2ix—Ni1—Ba1iii 109.33(0) Ni1v—N1—Ba1xi 28.63(1) 
Ni2—Ni1—Ba1iii 85.27(0) Ni2—N1—Ba1xi 93.63(8) 
N1viii—Ni1—Ba1vi 112.17(0) Ni1—N1—Ba1 91.39(1) 
N1—Ni1—Ba1vi 61.08(0) Ni1v—N1—Ba1 157.48(2) 
Ni2ix—Ni1—Ba1vi 104.56(0) Ni2—N1—Ba1 93.04(8) 
Ni2—Ni1—Ba1vi 104.78(0) Ba1xi—N1—Ba1 173.33(8) 
Ba1iii—Ni1—Ba1vi 145.22(0) Ni1—N1—Ba1vi 85.41(1) 
N1viii—Ni1—Ba1x 33.06(0) Ni1v—N1—Ba1vi 109.01(1) 
N1—Ni1—Ba1x 120.30(1) Ni2—N1—Ba1vi 175.91(11) 
Ni2ix—Ni1—Ba1x 39.68(0) Ba1xi—N1—Ba1vi 82.28(6) 
Ni2—Ni1—Ba1x 83.94(0) Ba1—N1—Ba1vi 91.05(6) 
Ba1iii—Ni1—Ba1x 69.65(0)  
 
Symmetry codes: 
(i) x, -0.5+y, 0.5-z; (ii) -x, 0.5-y, -0.5+z; (iii) 0.5-x, 0.5-y, -z; (iv) -0.5+x, -0.5+y, z;  
(v) -0.5+x, 1+y, 0.5-z; (vi) -x, 0.5-y, 0.5+z; (vii) -x, -y, -z; (viii) 0.5+x, 1+y, 0.5-z;  
(ix) 0.5-x, 2-y, 0.5+z; (x) 0.5+x, 0.5+y, z; (xi) x, 0.5+y, 0.5-z; (xii) -x, 1-y, -z;  
(xiii) 0.5-x, 2-y, -0.5+z. 
 
 
Temperature = 200 K 
A 
Bibliographic data 
 
Temperature of Measurement  200 K (room temperature) 
 
Ni(2) position assumed  Split Position 
 
Creation method   SHELXL-97 
 
Crystal data
Formula sum Ba2 N2 Ni3
Formula weight 478.83 g/mol. 
Crystal system orthorhombic 
Space group C m c a (no. 64) 
Unit cell dimensions a = 712.47(18) pm 
 b = 1027.2(2) pm 
 c = 736.4(2) pm 
Cell volume 538.93 x 106 pm3 
Z 4 
Density, calculated 5.901 g/cm3 
RAll 0.019 
Pearson code oC32 
Formula type N2O2P3 
Wyckoff sequence f2ed 
 
Atomic coordinates
 
Atom Wyck. Occ. x y z 
Ba1 8f  0 0.16901(1) 0.09091(2)  
Ni1 8e  1/4 0.42493(3) 1/4  
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Ni2 8d  0.5 0.0200(4) 1/2 0  
N1 8f  0 0.4256(2) 0.2300(3)  
 
Anisotropic displacement parameters (in pm 2)
 
Atom U11 U22 U33 U12 U13 U23 
Ba1 092.9(8) 067.4(8) 062.6(7) 0 0 -6.5(4) 
Ni1 028.6(13) 087.9(14) 080.1(12) 0 2.8(10) 0 
Ni2 123.0(13) 084.0(2) 055.0(2) 0 0 10.4(15) 
N1 042.0(8) 105.0(9) 053.0(7) 0 0 1.1(6) 
 
Selected bond lenghts (pm)
 
Ba1—N1i 282.7(2) Ni1—Ba1ix 322.6(1) 
Ba1—N1ii 283.0(2) Ni1—Ba1x 329.1(1) 
Ba1—N1 282.8(2) Ni1—Ba1xi 329.1(1) 
Ba1—Ni1ii 322.6(1) Ni1—Ba1vii 793.5(1) 
Ba1—Ni1iii 322.6(1) Ni2—Ni2vi 28.5(4) 
Ba1—Ni1iv 329.1(1) Ni2—N1vi 186.4(2) 
Ba1—Ni1i 329.1(1) Ni2—N1 186.4(2) 
Ba1—Ni1 338.5(1) Ni2—Ni1xii 1131.5(2) 
Ba1—Ni1v 1307.6(3) Ni2—Ni1vi 277.2(2) 
Ba1—Ni2vi 346.8(1) Ni2—Ni1v 986.7(2) 
Ba1—Ni2 346.8(1) Ni2—Ba1vi 346.8(1) 
Ba1—Ni2i 348.0(1) Ni2—Ba1xi 348.0(1) 
Ni1—N1vii 1043.3(3) Ni2—Ba1ii 348.0(1) 
Ni1—N1 178.7(0) Ni2—Ba1x 389.3(3) 
Ni1—Ni2viii 1131.5(2) N1—Ni1v 1042.0(3) 
Ni1—Ni2 258.2(2) N1—Ni2vi 186.4(2) 
Ni1—Ni2vii 1136.0(2) N1—Ba1xi 282.7(2) 
Ni1—Ni2vi 277.2(2) N1—Ba1ix 283.0(2) 
Ni1—Ba1iii 322.6(1)  
 
Selected bond angles (°)
 
N1i—Ba1—N1ii 97.72(6) Ba1x—Ni1—Ba1xi 80.75(0) 
N1i—Ba1—N1 130.95(6) N1vii—Ni1—Ba1 149.31(0) 
N1ii—Ba1—N1 131.32(6) N1—Ni1—Ba1 56.63(0) 
N1i—Ba1—Ni1ii 95.65(1) Ni2viii—Ni1—Ba1 152.95(0) 
N1ii—Ba1—Ni1ii 33.53(1) Ni2—Ni1—Ba1 69.59(1) 
N1—Ba1—Ni1ii 124.11(1) Ni2vii—Ni1—Ba1 154.19(0) 
N1i—Ba1—Ni1iii 95.65(1) Ni2vi—Ni1—Ba1 67.73(1) 
N1ii—Ba1—Ni1iii 33.53(1) Ba1iii—Ni1—Ba1 77.81(0) 
N1—Ba1—Ni1iii 124.11(1) Ba1ix—Ni1—Ba1 75.31(0) 
Ni1ii—Ba1—Ni1iii 67.03(0) Ba1x—Ni1—Ba1 138.88(0) 
N1i—Ba1—Ni1iv 32.87(1) Ba1xi—Ni1—Ba1 115.47(1) 
N1ii—Ba1—Ni1iv 94.17(0) N1vii—Ni1—Ba1vii 8.35(0) 
N1—Ba1—Ni1iv 125.53(1) N1—Ni1—Ba1vii 103.42(1) 
Ni1ii—Ba1—Ni1iv 75.54(0) Ni2viii—Ni1—Ba1vii 4.7() 
Ni1iii—Ba1—Ni1iv 110.36(0) Ni2—Ni1—Ba1vii 87.71(0) 
N1i—Ba1—Ni1i 32.87(1) Ni2vii—Ni1—Ba1vii 3.31(0) 
N1ii—Ba1—Ni1i 94.17(0) Ni2vi—Ni1—Ba1vii 89.19(0) 
N1—Ba1—Ni1i 125.53(1) Ba1iii—Ni1—Ba1vii 106.21(0) 
Ni1ii—Ba1—Ni1i 110.36(0) Ba1ix—Ni1—Ba1vii 107.29(0) 
Ni1iii—Ba1—Ni1i 75.54(0) Ba1x—Ni1—Ba1vii 36.61(0) 
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Ni1iv—Ba1—Ni1i 65.53(0) Ba1xi—Ni1—Ba1vii 48.33(0) 
N1i—Ba1—Ni1 121.70(1) Ba1—Ni1—Ba1vii 156.54(0) 
N1ii—Ba1—Ni1 126.29(1) Ni2vi—Ni2—N1vi 85.61(2) 
N1—Ba1—Ni1 31.86(1) Ni2vi—Ni2—N1 85.61(2) 
Ni1ii—Ba1—Ni1 142.4() N1vi—Ni2—N1 171.23(10) 
Ni1iii—Ba1—Ni1 102.19(1) Ni2vi—Ni2—Ni1 129.39(5) 
Ni1iv—Ba1—Ni1 138.88(0) N1vi—Ni2—Ni1 144.97(1) 
Ni1i—Ba1—Ni1 100.58(1) N1—Ni2—Ni1 43.79(1) 
N1i—Ba1—Ni1v 146.19(2) Ni2vi—Ni2—Ni1xii 98.33(3) 
N1ii—Ba1—Ni1v 115.02(1) N1vi—Ni2—Ni1xii 57.52(3) 
N1—Ba1—Ni1v 17.81(2) N1—Ni2—Ni1xii 124.00(2) 
Ni1ii—Ba1—Ni1v 106.84(1) Ni1—Ni2—Ni1xii 108.39(1) 
Ni1iii—Ba1—Ni1v 116.11(0) Ni2vi—Ni2—Ni1vi 46.06(5) 
Ni1iv—Ba1—Ni1v 130.24(1) N1vi—Ni2—Ni1vi 39.58(1) 
Ni1i—Ba1—Ni1v 142.51(0) N1—Ni2—Ni1vi 131.65(1) 
Ni1—Ba1—Ni1v 43.48(0) Ni1—Ni2—Ni1vi 175.44(1) 
N1i—Ba1—Ni2vi 163.17(4) Ni1xii—Ni2—Ni1vi 73.8() 
N1ii—Ba1—Ni2vi 98.94(3) Ni2vi—Ni2—Ni1v 78.76(3) 
N1—Ba1—Ni2vi 32.45(4) N1vi—Ni2—Ni1v 76.10(1) 
Ni1ii—Ba1—Ni2vi 96.91(1) N1—Ni2—Ni1v 102.15(1) 
Ni1iii—Ba1—Ni2vi 99.54(1) Ni1—Ni2—Ni1v 106.15(1) 
Ni1iv—Ba1—Ni2vi 142.50(1) Ni1xii—Ni2—Ni1v 28.21(0) 
Ni1i—Ba1—Ni2vi 146.91(1) Ni1vi—Ni2—Ni1v 73.79(0) 
Ni1—Ba1—Ni2vi 47.7() Ni2vi—Ni2—Ba1vi 87.65(3) 
Ni1v—Ba1—Ni2vi 17.15(0) N1vi—Ni2—Ba1vi 54.51(3) 
N1i—Ba1—Ni2 163.17(4) N1—Ni2—Ba1vi 125.05(6) 
N1ii—Ba1—Ni2 98.94(3) Ni1—Ni2—Ba1vi 117.16(1) 
N1—Ba1—Ni2 32.45(4) Ni1xii—Ni2—Ba1vi 10.81(0) 
Ni1ii—Ba1—Ni2 99.54(1) Ni1vi—Ni2—Ba1vi 64.57(0) 
Ni1iii—Ba1—Ni2 96.91(1) Ni1v—Ni2—Ba1vi 23.66(0) 
Ni1iv—Ba1—Ni2 146.91(1) Ni2vi—Ni2—Ba1 87.65(3) 
Ni1i—Ba1—Ni2 142.50(1) N1vi—Ni2—Ba1 125.05(6) 
Ni1—Ba1—Ni2 44.26(0) N1—Ni2—Ba1 54.51(3) 
Ni1v—Ba1—Ni2 19.21(0) Ni1—Ni2—Ba1 66.16(0) 
Ni2vi—Ba1—Ni2 4.71(0) Ni1xii—Ni2—Ba1 173.8() 
N1i—Ba1—Ni2i 32.31(4) Ni1vi—Ni2—Ba1 111.86(1) 
N1ii—Ba1—Ni2i 129.92(4) Ni1v—Ni2—Ba1 154.15(0) 
N1—Ba1—Ni2i 98.71(3) Ba1vi—Ni2—Ba1 175.29(1) 
Ni1ii—Ba1—Ni2i 123.17(0) Ni2vi—Ni2—Ba1xi 87.65(2) 
Ni1iii—Ba1—Ni2i 120.12(0) N1vi—Ni2—Ba1xi 125.38(7) 
Ni1iv—Ba1—Ni2i 48.24(0) N1—Ni2—Ba1xi 54.17(3) 
Ni1i—Ba1—Ni2i 44.73(0) Ni1—Ni2—Ba1xi 63.76(0) 
Ni1—Ba1—Ni2i 93.8() Ni1xii—Ni2—Ba1xi 70.12(0) 
Ni1v—Ba1—Ni2i 114.85(0) Ni1vi—Ni2—Ba1xi 114.06(0) 
Ni2vi—Ba1—Ni2i 131.14(1) Ni1v—Ni2—Ba1xi 49.47(0) 
Ni2—Ba1—Ni2i 130.88(1) Ba1vi—Ni2—Ba1xi 71.12(0) 
N1vii—Ni1—N1 99.64(1) Ba1—Ni2—Ba1xi 108.68(0) 
N1vii—Ni1—Ni2viii 8.67(0) Ni2vi—Ni2—Ba1ii 87.65(2) 
N1—Ni1—Ni2viii 98.86(1) N1vi—Ni2—Ba1ii 54.17(3) 
N1vii—Ni1—Ni2 79.88(1) N1—Ni2—Ba1ii 125.38(7) 
N1—Ni1—Ni2 46.19(1) Ni1—Ni2—Ba1ii 119.61(0) 
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Ni2viii—Ni1—Ni2 85.21(0) Ni1xii—Ni2—Ba1ii 110.61(0) 
N1vii—Ni1—Ni2vii 8.52(0) Ni1vi—Ni2—Ba1ii 62.32(0) 
N1—Ni1—Ni2vii 100.28(1) Ni1v—Ni2—Ba1ii 129.34(0) 
Ni2viii—Ni1—Ni2vii 1.42(0) Ba1vi—Ni2—Ba1ii 108.68(0) 
Ni2—Ni1—Ni2vii 86.14(0) Ba1—Ni2—Ba1ii 71.12(0) 
N1vii—Ni1—Ni2vi 81.59(0) Ba1xi—Ni2—Ba1ii 175.31(0) 
N1—Ni1—Ni2vi 41.64(1) Ni2vi—Ni2—Ba1x 151.45(11) 
Ni2viii—Ni1—Ni2vi 86.39(0) N1vi—Ni2—Ba1x 92.33(1) 
Ni2—Ni1—Ni2vi 4.56(0) N1—Ni2—Ba1x 95.38(1) 
Ni2vii—Ni1—Ni2vi 87.4() Ni1—Ni2—Ba1x 56.85(0) 
N1vii—Ni1—Ba1iii 102.21(1) Ni1xii—Ni2—Ba1x 57.69(0) 
N1—Ni1—Ba1iii 119.16(0) Ni1vi—Ni2—Ba1x 126.85(1) 
Ni2viii—Ni1—Ba1iii 109.79(0) Ni1v—Ni2—Ba1x 73.13(0) 
Ni2—Ni1—Ba1iii 83.39(0) Ba1vi—Ni2—Ba1x 68.42(0) 
Ni2vii—Ni1—Ba1iii 108.87(0) Ba1—Ni2—Ba1x 116.11(0) 
Ni2vi—Ni1—Ba1iii 87.11(0) Ba1xi—Ni2—Ba1x 70.41(0) 
N1vii—Ni1—Ba1ix 112.21(0) Ba1ii—Ni2—Ba1x 114.03(0) 
N1—Ni1—Ba1ix 60.99(0) Ni1—N1—Ni1v 99.96(1) 
Ni2viii—Ni1—Ba1ix 104.2() Ni1—N1—Ni2vi 98.78(1) 
Ni2—Ni1—Ba1ix 107.08(0) Ni1v—N1—Ni2vi 66.16(1) 
Ni2vii—Ni1—Ba1ix 104.96(0) Ni1—N1—Ni2 90.02(3) 
Ni2vi—Ni1—Ba1ix 102.53(0) Ni1v—N1—Ni2 67.78(2) 
Ba1iii—Ni1—Ba1ix 145.19(0) Ni2vi—N1—Ni2 8.77(0) 
N1vii—Ni1—Ba1x 33.08(0) Ni1—N1—Ba1xi 87.99(1) 
N1—Ni1—Ba1x 120.47(1) Ni1v—N1—Ba1xi 28.60(1) 
Ni2viii—Ni1—Ba1x 40.18(0) Ni2vi—N1—Ba1xi 93.51(5) 
Ni2—Ni1—Ba1x 82.08(0) Ni2—N1—Ba1xi 93.51(5) 
Ni2vii—Ni1—Ba1x 39.24(0) Ni1—N1—Ba1ix 85.49(1) 
Ni2vi—Ni1—Ba1x 85.83(0) Ni1v—N1—Ba1ix 108.97(1) 
Ba1iii—Ni1—Ba1x 69.64(0) Ni2vi—N1—Ba1ix 173.93(8) 
Ba1ix—Ni1—Ba1x 143.49(0) Ni2—N1—Ba1ix 173.93(8) 
N1vii—Ni1—Ba1xi 48.46(1) Ba1xi—N1—Ba1ix 82.28(6) 
N1—Ni1—Ba1xi 59.14(0) Ni1—N1—Ba1 91.50(1) 
Ni2viii—Ni1—Ba1xi 43.69(0) Ni1v—N1—Ba1 157.43(2) 
Ni2—Ni1—Ba1xi 71.51(0) Ni2vi—N1—Ba1 93.04(5) 
Ni2vii—Ni1—Ba1xi 45.04(0) Ni2—N1—Ba1 93.04(5) 
Ni2vi—Ni1—Ba1xi 69.45(0) Ba1xi—N1—Ba1 173.43(8) 
Ba1iii—Ni1—Ba1xi 143.49(0) Ba1ix—N1—Ba1 91.15(6) 
Ba1ix—Ni1—Ba1xi 69.64(0)  
 
Symmetry codes: 
(i) x, -0.5+y, 0.5-z; (ii) -x, 0.5-y, -0.5+z; (iii) 0.5-x, 0.5-y, -z; (iv) -0.5+x, -0.5+y, z;  
(v) -0.5+x, 1+y, 0.5-z; (vi) -x, 1-y, -z; (vii) 0.5+x, 1+y, 0.5-z; (viii) 0.5-x, 2-y, 0.5+z;  
(ix) -x, 0.5-y, 0.5+z; (x) 0.5+x, 0.5+y, z; (xi) x, 0.5+y, 0.5-z; (xii) 0.5-x, 2-y, -0.5+z. 
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B 
Bibliographic data 
 
Temperature of Measurement  200 K (room temperature) 
 
Ni(2) position assumed  Thermal Ellipsoidal Position (Cigar Shape) 
 
Creation method   SHELXL-97 
 
Crystal data
Formula sum Ba2 N2 Ni3
Formula weight 478.83 g/mol. 
Crystal system orthorhombic 
Space group C m c a (no. 64) 
Unit cell dimensions a = 712.47(18) pm 
 b = 1027.2(2) pm 
 c = 736.4(2) pm 
Cell volume 538.93 x 106 pm3 
Z 4 
Density, calculated 5.901 g/cm3 
RAll 0.020 
Pearson code oC28 
Formula type N2O2P3 
Wyckoff sequence f2eb 
 
Atomic coordinates
 
Atom Wyck. x y z 
Ba1 8f 0 0.16901(1) 0.09091(2)  
Ni1 8e 1/4 0.42494(3) 1/4  
Ni2 4b 0 1/2 0  
N1 8f 0 0.4256(2) 0.2299(3)  
 
Anisotropic displacement parameters (in pm 2)
 
Atom U11 U22 U33 U12 U13 U23 
Ba1 093.2(8) 067.6(8) 062.7(8) 0 0 -6.5(4) 
Ni1 028.6(14) 088.1(15) 080.3(13) 0 2.8(10) 0 
Ni2 036.6(3) 081.0(2) 052.0(2) 0 0 10.4(16) 
N1 044.0(9) 104.0(9) 053.0(8) 0 0 1.2(6) 
 
Selected bond lenghts (pm)
 
Ba1—N1i 282.7(2) Ni1—Ba1iii 322.6(1) 
Ba1—N1ii 283.1(2) Ni1—Ba1vi 322.6(1) 
Ba1—N1 282.7(2) Ni1—Ba1x 329.1(1) 
Ba1—Ni1ii 322.6(1) Ni1—Ba1xi 329.1(1) 
Ba1—Ni1iii 322.6(1) Ni1—Ba1viii 793.5(1) 
Ba1—Ni1iv 329.1(1) Ni2—N1xii 185.7(2) 
Ba1—Ni1i 329.1(1) Ni2—N1 185.7(2) 
Ba1—Ni1 338.5(1) Ni2—Ni1xii 267.5(0) 
Ba1—Ni1v 1307.6(3) Ni2—Ni1xiii 1133.6(2) 
Ba1—Ni2 346.5(1) Ni2—Ni1v 984.0(2) 
Ba1—Ni2vi 347.7(1) Ni2—Ba1xii 346.5(1) 
Ba1—Ba1vii 372.1(1) Ni2—Ba1xi 347.7(1) 
Ni1—N1viii 1043.3(3) Ni2—Ba1ii 347.7(1) 
Ni1—N1 178.7(0) N1—Ni1v 1042.0(3) 
Ni1—Ni2ix 1133.6(2) N1—Ba1xi 282.7(2) 
Ni1—Ni2 267.5(0) N1—Ba1vi 283.1(2) 
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Selected bond angles (°)
 
N1i—Ba1—N1ii 97.74(6) Ba1vi—Ni1—Ba1x 143.49(0) 
N1i—Ba1—N1 130.95(6) N1viii—Ni1—Ba1xi 48.46(1) 
N1ii—Ba1—N1 131.30(6) N1—Ni1—Ba1xi 59.15(0) 
N1i—Ba1—Ni1ii 95.66(1) Ni2ix—Ni1—Ba1xi 44.37(0) 
N1ii—Ba1—Ni1ii 33.53(1) Ni2—Ni1—Ba1xi 70.43(0) 
N1—Ba1—Ni1ii 124.10(1) Ba1iii—Ni1—Ba1xi 143.49(0) 
N1i—Ba1—Ni1iii 95.66(1) Ba1vi—Ni1—Ba1xi 69.64(0) 
N1ii—Ba1—Ni1iii 33.53(1) Ba1x—Ni1—Ba1xi 80.75(0) 
N1—Ba1—Ni1iii 124.10(1) N1viii—Ni1—Ba1 149.31(0) 
Ni1ii—Ba1—Ni1iii 67.03(0) N1—Ni1—Ba1 56.62(0) 
N1i—Ba1—Ni1iv 32.87(1) Ni2ix—Ni1—Ba1 153.57(0) 
N1ii—Ba1—Ni1iv 94.17(0) Ni2—Ni1—Ba1 68.61(1) 
N1—Ba1—Ni1iv 125.54(1) Ba1iii—Ni1—Ba1 77.81(0) 
Ni1ii—Ba1—Ni1iv 75.54(0) Ba1vi—Ni1—Ba1 75.31(0) 
Ni1iii—Ba1—Ni1iv 110.36(0) Ba1x—Ni1—Ba1 138.88(1) 
N1i—Ba1—Ni1i 32.87(1) Ba1xi—Ni1—Ba1 115.47(1) 
N1ii—Ba1—Ni1i 94.17(0) N1viii—Ni1—Ba1viii 8.35(0) 
N1—Ba1—Ni1i 125.54(1) N1—Ni1—Ba1viii 103.43(1) 
Ni1ii—Ba1—Ni1i 110.36(0) Ni2ix—Ni1—Ba1viii 4.0() 
Ni1iii—Ba1—Ni1i 75.54(0) Ni2—Ni1—Ba1viii 88.48(0) 
Ni1iv—Ba1—Ni1i 65.53(0) Ba1iii—Ni1—Ba1viii 106.21(0) 
N1i—Ba1—Ni1 121.69(1) Ba1vi—Ni1—Ba1viii 107.29(0) 
N1ii—Ba1—Ni1 126.28(1) Ba1x—Ni1—Ba1viii 36.61(0) 
N1—Ba1—Ni1 31.86(1) Ba1xi—Ni1—Ba1viii 48.33(0) 
Ni1ii—Ba1—Ni1 142.4() Ba1—Ni1—Ba1viii 156.54(0) 
Ni1iii—Ba1—Ni1 102.19(1) N1xii—Ni2—N1 180.00(8) 
Ni1iv—Ba1—Ni1 138.88(0) N1xii—Ni2—Ni1xii 41.77(1) 
Ni1i—Ba1—Ni1 100.58(1) N1—Ni2—Ni1xii 138.23(1) 
N1i—Ba1—Ni1v 146.18(2) N1xii—Ni2—Ni1 138.23(1) 
N1ii—Ba1—Ni1v 115.02(1) N1—Ni2—Ni1 41.77(1) 
N1—Ba1—Ni1v 17.80(2) Ni1xii—Ni2—Ni1 179.99(1) 
Ni1ii—Ba1—Ni1v 106.84(1) N1xii—Ni2—Ni1xiii 56.71(2) 
Ni1iii—Ba1—Ni1v 116.11(0) N1—Ni2—Ni1xiii 123.29(2) 
Ni1iv—Ba1—Ni1v 130.24(1) Ni1xii—Ni2—Ni1xiii 73.27(0) 
Ni1i—Ba1—Ni1v 142.51(0) Ni1—Ni2—Ni1xiii 106.73(1) 
Ni1—Ba1—Ni1v 43.48(0) N1xii—Ni2—Ni1v 76.90(1) 
N1i—Ba1—Ni2 163.32(4) N1—Ni2—Ni1v 103.10(1) 
N1ii—Ba1—Ni2 98.94(4) Ni1xii—Ni2—Ni1v 74.33(0) 
N1—Ba1—Ni2 32.36(4) Ni1—Ni2—Ni1v 105.67(0) 
Ni1ii—Ba1—Ni2 98.23(1) Ni1xiii—Ni2—Ni1v 28.15(0) 
Ni1iii—Ba1—Ni2 98.23(1) N1xii—Ni2—Ba1xii 54.57(6) 
Ni1iv—Ba1—Ni2 144.71(1) N1—Ni2—Ba1xii 125.43(6) 
Ni1i—Ba1—Ni2 144.71(1) Ni1xii—Ni2—Ba1xii 65.43(0) 
Ni1—Ba1—Ni2 45.96(0) Ni1—Ni2—Ba1xii 114.57(1) 
Ni1v—Ba1—Ni2 18.06(0) Ni1xiii—Ni2—Ba1xii 9.19(0) 
N1i—Ba1—Ni2vi 32.22(4) Ni1v—Ni2—Ba1xii 24.33(0) 
N1ii—Ba1—Ni2vi 129.96(4) N1xii—Ni2—Ba1 125.43(6) 
N1—Ba1—Ni2vi 98.73(4) N1—Ni2—Ba1 54.57(6) 
Ni1ii—Ba1—Ni2vi 121.66(0) Ni1xii—Ni2—Ba1 114.57(1) 
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Ni1iii—Ba1—Ni2vi 121.66(0) Ni1—Ni2—Ba1 65.43(0) 
Ni1iv—Ba1—Ni2vi 46.46(0) Ni1xiii—Ni2—Ba1 170.81(0) 
Ni1i—Ba1—Ni2vi 46.46(0) Ni1v—Ni2—Ba1 155.67(0) 
Ni1—Ba1—Ni2vi 95.04(0) Ba1xii—Ni2—Ba1 180.0() 
Ni1v—Ba1—Ni2vi 114.52(0) N1xii—Ni2—Ba1xi 125.75(7) 
Ni2—Ba1—Ni2vi 131.09(1) N1—Ni2—Ba1xi 54.25(7) 
N1i—Ba1—Ba1vii 48.91(4) Ni1xii—Ni2—Ba1xi 116.89(0) 
N1ii—Ba1—Ba1vii 48.83(4) Ni1—Ni2—Ba1xi 63.11(0) 
N1—Ba1—Ba1vii 179.87(4) Ni1xiii—Ni2—Ba1xi 69.78(0) 
Ni1ii—Ba1—Ba1vii 56.0() Ni1v—Ni2—Ba1xi 49.89(0) 
Ni1iii—Ba1—Ba1vii 56.0() Ba1xii—Ni2—Ba1xi 71.19(0) 
Ni1iv—Ba1—Ba1vii 54.36(1) Ba1—Ni2—Ba1xi 108.81(0) 
Ni1i—Ba1—Ba1vii 54.36(1) N1xii—Ni2—Ba1ii 54.25(7) 
Ni1—Ba1—Ba1vii 148.13(1) N1—Ni2—Ba1ii 125.75(7) 
Ni1v—Ba1—Ba1vii 162.32(0) Ni1xii—Ni2—Ba1ii 63.11(0) 
Ni2—Ba1—Ba1vii 147.77(1) Ni1—Ni2—Ba1ii 116.89(0) 
Ni2vi—Ba1—Ba1vii 81.13(0) Ni1xiii—Ni2—Ba1ii 110.22(0) 
N1viii—Ni1—N1 99.65(1) Ni1v—Ni2—Ba1ii 130.11(0) 
N1viii—Ni1—Ni2ix 8.56(0) Ba1xii—Ni2—Ba1ii 108.81(0) 
N1—Ni1—Ni2ix 99.57(1) Ba1—Ni2—Ba1ii 71.19(0) 
N1viii—Ni1—Ni2 80.76(1) Ba1xi—Ni2—Ba1ii 179.99(0) 
N1—Ni1—Ni2 43.81(0) Ni1—N1—Ni1v 99.96(1) 
Ni2ix—Ni1—Ni2 86.31(0) Ni1—N1—Ni2 94.42(1) 
N1viii—Ni1—Ba1iii 102.21(1) Ni1v—N1—Ni2 66.90(1) 
N1—Ni1—Ba1iii 119.14(1) Ni1—N1—Ba1xi 87.98(1) 
Ni2ix—Ni1—Ba1iii 109.33(0) Ni1v—N1—Ba1xi 28.61(1) 
Ni2—Ni1—Ba1iii 85.31(0) Ni2—N1—Ba1xi 93.53(8) 
N1viii—Ni1—Ba1vi 112.21(0) Ni1—N1—Ba1vi 85.46(1) 
N1—Ni1—Ba1vi 61.01(0) Ni1v—N1—Ba1vi 108.96(1) 
Ni2ix—Ni1—Ba1vi 104.58(0) Ni2—N1—Ba1vi 175.79(11) 
Ni2—Ni1—Ba1vi 104.72(0) Ba1xi—N1—Ba1vi 82.26(6) 
Ba1iii—Ni1—Ba1vi 145.18(0) Ni1—N1—Ba1 91.52(1) 
N1viii—Ni1—Ba1x 33.08(0) Ni1v—N1—Ba1 157.44(2) 
N1—Ni1—Ba1x 120.46(1) Ni2—N1—Ba1 93.07(8) 
Ni2ix—Ni1—Ba1x 39.71(0) Ba1xi—N1—Ba1 173.40(8) 
Ni2—Ni1—Ba1x 84.02(0) Ba1vi—N1—Ba1 91.14(6) 
Ba1iii—Ni1—Ba1x 69.64(0)  
 
Symmetry codes: 
(i) x, -0.5+y, 0.5-z; (ii) -x, 0.5-y, -0.5+z; (iii) 0.5-x, 0.5-y, -z; (iv) -0.5+x, -0.5+y, z;  
(v) -0.5+x, 1+y, 0.5-z; (vi) -x, 0.5-y, 0.5+z; (vii) -x, -y, -z; (viii) 0.5+x, 1+y, 0.5-z;  
(ix) 0.5-x, 2-y, 0.5+z; (x) 0.5+x, 0.5+y, z; (xi) x, 0.5+y, 0.5-z; (xii) -x, 1-y, -z;  
(xiii) 0.5-x, 2-y, -0.5+z. 
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Temperature = 100 K 
A 
Bibliographic data 
 
Temperature of Measurement  100 K (room temperature) 
 
Ni(2) position assumed  Split Position 
 
 
Creation method   SHELXL-97 
 
Crystal data
Formula sum Ba2 N2 Ni3
Formula weight 478.83 g/mol. 
Crystal system orthorhombic 
Space group C m c a (no. 64) 
Unit cell dimensions a = 712.55(2) pm 
 b = 1026.1(2) pm 
 c = 736.2(2) pm 
Cell volume 538.27 x 106 pm3 
Z 4 
Density, calculated 5.908 g/cm3 
RAll 0.020 
Pearson code oC32 
Formula type N2O2P3 
Wyckoff sequence f2ed 
 
Atomic coordinates
 
Atom Wyck. Occ. x y z 
Ba1 8f  0 0.16915(1) 0.09076(2)  
Ni1 8e  1/4 0.42508(3) 1/4  
Ni2 8d  0.5 0.0205(4) 1/2 0  
N1 8f  0 0.4260(2) 0.2301(3)  
 
Anisotropic displacement parameters (in pm 2)
 
Atom U11 U22 U33 U12 U13 U23 
Ba1 043.7(7) 033.3(7) 026.6(7) 0 0 -3.5(4) 
Ni1 108.0(13) 049.0(13) 039.8(11) 0 0.4(10) 0 
Ni2 085.0(12) 043.0(2) 025.0(18) 0 0 6.2(2) 
N1 023.0(8) 073.0(8) 031.0(7) 0 0 0.8(6) 
 
Selected bond lenghts (pm)
 
Ba1—N1i 282.2(2) Ni1—Ba1iii 322.5(1) 
Ba1—N1 282.8(2) Ni1—Ba1x 328.9(1) 
Ba1—N1ii 282.9(2) Ni1—Ba1xi 328.9(1) 
Ba1—Ni1ii 322.5(1) Ni1—Ba1vii 792.7(1) 
Ba1—Ni1iii 322.5(1) Ni2—Ni2vi 29.2(4) 
Ba1—Ni1iv 328.9(1) Ni2—N1vi 186.2(2) 
Ba1—Ni1i 328.9(1) Ni2—N1 186.2(2) 
Ba1—Ni1 338.3(1) Ni2—Ni1xii 1130.1(2) 
Ba1—Ni1v 1306.2(3) Ni2—Ni1vi 277.4(2) 
Ba1—Ni2 346.3(1) Ni2—Ni1v 985.9(2) 
Ba1—Ni2vi 346.3(1) Ni2—Ba1vi 346.3(1) 
Ba1—Ni2i 348.0(1) Ni2—Ba1xi 348.0(1) 
Ni1—N1vii 1042.5(3) Ni2—Ba1ii 348.0(1) 
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Ni1—N1 178.7(0) Ni2—Ba1x 389.0(3) 
Ni1—Ni2viii 1130.1(2) N1—Ni1v 1040.6(3) 
Ni1—Ni2 257.9(2) N1—Ni2vi 186.2(2) 
Ni1—Ni2vii 1134.7(2) N1—Ba1xi 282.2(2) 
Ni1—Ni2vi 277.4(2) N1—Ba1ix 282.9(2) 
Ni1—Ba1ix 322.5(1)  
 
 
Selected bond angles (°)
N1i—Ba1—N1 130.87(6) Ba1x—Ni1—Ba1xi 80.83(0) 
N1i—Ba1—N1ii 97.67(6) N1vii—Ni1—Ba1 149.28(0) 
N1—Ba1—N1ii 131.46(6) N1—Ni1—Ba1 56.69(0) 
N1i—Ba1—Ni1ii 95.65(1) Ni2viii—Ni1—Ba1 152.91(0) 
N1—Ba1—Ni1ii 124.16(1) Ni2—Ni1—Ba1 69.53(1) 
N1ii—Ba1—Ni1ii 33.54(1) Ni2vii—Ni1—Ba1 154.19(0) 
N1i—Ba1—Ni1iii 95.65(1) Ni2vi—Ni1—Ba1 67.62(1) 
N1—Ba1—Ni1iii 124.16(1) Ba1ix—Ni1—Ba1 75.28(0) 
N1ii—Ba1—Ni1iii 33.54(1) Ba1iii—Ni1—Ba1 77.79(0) 
Ni1ii—Ba1—Ni1iii 67.05(0) Ba1x—Ni1—Ba1 138.83(0) 
N1i—Ba1—Ni1iv 32.89(1) Ba1xi—Ni1—Ba1 115.43(1) 
N1—Ba1—Ni1iv 125.47(1) N1vii—Ni1—Ba1vii 8.37(0) 
N1ii—Ba1—Ni1iv 94.11(0) N1—Ni1—Ba1vii 103.36(1) 
Ni1ii—Ba1—Ni1iv 75.51(0) Ni2viii—Ni1—Ba1vii 4.72(0) 
Ni1iii—Ba1—Ni1iv 110.37(0) Ni2—Ni1—Ba1vii 87.76(0) 
N1i—Ba1—Ni1i 32.89(1) Ni2vii—Ni1—Ba1vii 3.29(0) 
N1—Ba1—Ni1i 125.47(1) Ni2vi—Ni1—Ba1vii 89.27(0) 
N1ii—Ba1—Ni1i 94.11(0) Ba1ix—Ni1—Ba1vii 107.33(0) 
Ni1ii—Ba1—Ni1i 110.37(0) Ba1iii—Ni1—Ba1vii 106.24(0) 
Ni1iii—Ba1—Ni1i 75.51(0) Ba1x—Ni1—Ba1vii 36.65(0) 
Ni1iv—Ba1—Ni1i 65.58(0) Ba1xi—Ni1—Ba1vii 48.37(0) 
N1i—Ba1—Ni1 121.63(1) Ba1—Ni1—Ba1vii 156.53(0) 
N1—Ba1—Ni1 31.88(1) Ni2vi—Ni2—N1vi 85.50(2) 
N1ii—Ba1—Ni1 126.38(1) Ni2vi—Ni2—N1 85.50(2) 
Ni1ii—Ba1—Ni1 142.48(0) N1vi—Ni2—N1 171.0(1) 
Ni1iii—Ba1—Ni1 102.21(1) Ni2vi—Ni2—Ni1 129.35(5) 
Ni1iv—Ba1—Ni1 138.83(0) N1vi—Ni2—Ni1 145.13(1) 
Ni1i—Ba1—Ni1 100.51(1) N1—Ni2—Ni1 43.87(1) 
N1i—Ba1—Ni1v 146.13(2) Ni2vi—Ni2—Ni1xii 98.32(3) 
N1—Ba1—Ni1v 17.83(2) N1vi—Ni2—Ni1xii 57.67(3) 
N1ii—Ba1—Ni1v 115.13(1) N1—Ni2—Ni1xii 123.88(2) 
Ni1ii—Ba1—Ni1v 106.87(1) Ni1—Ni2—Ni1xii 108.38(1) 
Ni1iii—Ba1—Ni1v 116.16(0) Ni2vi—Ni2—Ni1vi 45.98(5) 
Ni1iv—Ba1—Ni1v 130.19(1) N1vi—Ni2—Ni1vi 39.54(1) 
Ni1i—Ba1—Ni1v 142.47(0) N1—Ni2—Ni1vi 131.46(1) 
Ni1—Ba1—Ni1v 43.52(0) Ni1—Ni2—Ni1vi 175.33(1) 
N1i—Ba1—Ni2 163.11(4) Ni1xii—Ni2—Ni1vi 73.86(0) 
N1—Ba1—Ni2 32.48(4) Ni2vi—Ni2—Ni1v 78.73(3) 
N1ii—Ba1—Ni2 99.05(3) N1vi—Ni2—Ni1v 76.23(1) 
Ni1ii—Ba1—Ni2 99.62(1) N1—Ni2—Ni1v 101.97(1) 
Ni1iii—Ba1—Ni2 96.92(1) Ni1—Ni2—Ni1v 106.12(1) 
Ni1iv—Ba1—Ni2 146.93(1) Ni1xii—Ni2—Ni1v 28.24(0) 
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Ni1i—Ba1—Ni2 142.40(1) Ni1vi—Ni2—Ni1v 73.81(0) 
Ni1—Ba1—Ni2 44.25(0) Ni2vi—Ni2—Ba1 87.58(3) 
Ni1v—Ba1—Ni2 19.25(0) N1vi—Ni2—Ba1 124.89(6) 
N1i—Ba1—Ni2vi 163.11(4) N1—Ni2—Ba1 54.65(3) 
N1—Ba1—Ni2vi 32.48(4) Ni1—Ni2—Ba1 66.23(0) 
N1ii—Ba1—Ni2vi 99.05(3) Ni1xii—Ni2—Ba1 173.87(0) 
Ni1ii—Ba1—Ni2vi 96.92(1) Ni1vi—Ni2—Ba1 111.74(1) 
Ni1iii—Ba1—Ni2vi 99.62(1) Ni1v—Ni2—Ba1 154.1() 
Ni1iv—Ba1—Ni2vi 142.40(1) Ni2vi—Ni2—Ba1vi 87.58(3) 
Ni1i—Ba1—Ni2vi 146.93(1) N1vi—Ni2—Ba1vi 54.65(3) 
Ni1—Ba1—Ni2vi 47.78(0) N1—Ni2—Ba1vi 124.89(6) 
Ni1v—Ba1—Ni2vi 17.14(0) Ni1—Ni2—Ba1vi 117.17(1) 
Ni2—Ba1—Ni2vi 4.83(0) Ni1xii—Ni2—Ba1vi 10.86(0) 
N1i—Ba1—Ni2i 32.27(4) Ni1vi—Ni2—Ba1vi 64.59(0) 
N1—Ba1—Ni2i 98.67(3) Ni1v—Ni2—Ba1vi 23.65(0) 
N1ii—Ba1—Ni2i 129.82(4) Ba1—Ni2—Ba1vi 175.17(1) 
Ni1ii—Ba1—Ni2i 123.17(0) Ni2vi—Ni2—Ba1xi 87.59(2) 
Ni1iii—Ba1—Ni2i 120.05(0) N1vi—Ni2—Ba1xi 125.51(7) 
Ni1iv—Ba1—Ni2i 48.28(0) N1—Ni2—Ba1xi 54.02(3) 
Ni1i—Ba1—Ni2i 44.68(0) Ni1—Ni2—Ba1xi 63.74(0) 
Ni1—Ba1—Ni2i 93.73(0) Ni1xii—Ni2—Ba1xi 70.14(0) 
Ni1v—Ba1—Ni2i 114.84(0) Ni1vi—Ni2—Ba1xi 114.02(0) 
Ni2—Ba1—Ni2i 130.86(1) Ni1v—Ni2—Ba1xi 49.46(0) 
Ni2vi—Ba1—Ni2i 131.13(1) Ba1—Ni2—Ba1xi 108.67(0) 
N1vii—Ni1—N1 99.57(1) Ba1vi—Ni2—Ba1xi 71.12(0) 
N1vii—Ni1—Ni2viii 8.68(0) Ni2vi—Ni2—Ba1ii 87.59(2) 
N1—Ni1—Ni2viii 98.77(1) N1vi—Ni2—Ba1ii 54.02(3) 
N1vii—Ni1—Ni2 79.91(1) N1—Ni2—Ba1ii 125.51(7) 
N1—Ni1—Ni2 46.22(1) Ni1—Ni2—Ba1ii 119.72(0) 
Ni2viii—Ni1—Ni2 85.24(0) Ni1xii—Ni2—Ba1ii 110.6() 
N1vii—Ni1—Ni2vii 8.53(0) Ni1vi—Ni2—Ba1ii 62.26(0) 
N1—Ni1—Ni2vii 100.22(1) Ni1v—Ni2—Ba1ii 129.31(0) 
Ni2viii—Ni1—Ni2vii 1.46(0) Ba1—Ni2—Ba1ii 71.12(0) 
Ni2—Ni1—Ni2vii 86.2() Ba1vi—Ni2—Ba1ii 108.67(0) 
N1vii—Ni1—Ni2vi 81.66(0) Ba1xi—Ni2—Ba1ii 175.19(0) 
N1—Ni1—Ni2vi 41.55(1) Ni2vi—Ni2—Ba1x 151.44(11) 
Ni2viii—Ni1—Ni2vi 86.45(0) N1vi—Ni2—Ba1x 92.48(1) 
Ni2—Ni1—Ni2vi 4.67(0) N1—Ni2—Ba1x 95.43(1) 
Ni2vii—Ni1—Ni2vi 87.49(0) Ni1—Ni2—Ba1x 56.88(0) 
N1vii—Ni1—Ba1ix 112.26(0) Ni1xii—Ni2—Ba1x 57.68(0) 
N1—Ni1—Ba1ix 60.98(0) Ni1vi—Ni2—Ba1x 126.92(1) 
Ni2viii—Ni1—Ba1ix 104.23(0) Ni1v—Ni2—Ba1x 73.15(0) 
Ni2—Ni1—Ba1ix 107.11(0) Ba1—Ni2—Ba1x 116.19(0) 
Ni2vii—Ni1—Ba1ix 105.01(0) Ba1vi—Ni2—Ba1x 68.46(0) 
Ni2vi—Ni1—Ba1ix 102.44(0) Ba1xi—Ni2—Ba1x 70.47(0) 
N1vii—Ni1—Ba1iii 102.23(1) Ba1ii—Ni2—Ba1x 114.09(0) 
N1—Ni1—Ba1iii 119.23(0) Ni1—N1—Ni1v 100.06(1) 
Ni2viii—Ni1—Ba1iii 109.84(0) Ni1—N1—Ni2vi 98.91(1) 
Ni2—Ni1—Ba1iii 83.37(0) Ni1v—N1—Ni2vi 66.28(1) 
Ni2vii—Ni1—Ba1iii 108.89(0) Ni1—N1—Ni2 89.92(3) 
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Ni2vi—Ni1—Ba1iii 87.18(0) Ni1v—N1—Ni2 67.95(2) 
Ba1ix—Ni1—Ba1iii 145.11(0) Ni2vi—N1—Ni2 9.0() 
N1vii—Ni1—Ba1x 33.11(0) Ni1—N1—Ba1xi 88.07(1) 
N1—Ni1—Ba1x 120.43(1) Ni1v—N1—Ba1xi 28.65(1) 
Ni2viii—Ni1—Ba1x 40.23(0) Ni2vi—N1—Ba1xi 93.71(5) 
Ni2—Ni1—Ba1x 82.07(0) Ni2—N1—Ba1xi 93.71(5) 
Ni2vii—Ni1—Ba1x 39.26(0) Ni1—N1—Ba1 91.42(1) 
Ni2vi—Ni1—Ba1x 85.92(0) Ni1v—N1—Ba1 157.39(2) 
Ba1ix—Ni1—Ba1x 143.57(0) Ni2vi—N1—Ba1 92.87(5) 
Ba1iii—Ni1—Ba1x 69.63(0) Ni2—N1—Ba1 92.87(5) 
N1vii—Ni1—Ba1xi 48.50(1) Ba1xi—N1—Ba1 173.41(8) 
N1—Ni1—Ba1xi 59.03(0) Ni1—N1—Ba1ix 85.48(1) 
Ni2viii—Ni1—Ba1xi 43.72(0) Ni1v—N1—Ba1ix 109.07(1) 
Ni2—Ni1—Ba1xi 71.58(0) Ni2vi—N1—Ba1ix 174.01(7) 
Ni2vii—Ni1—Ba1xi 45.1() Ni2—N1—Ba1ix 174.01(7) 
Ni2vi—Ni1—Ba1xi 69.46(0) Ba1xi—N1—Ba1ix 82.33(6) 
Ba1ix—Ni1—Ba1xi 69.63(0) Ba1—N1—Ba1ix 91.08(6) 
Ba1iii—Ni1—Ba1xi 143.57(0)  
 
Symmetry codes: 
(i) x, -0.5+y, 0.5-z; (ii) -x, 0.5-y, -0.5+z; (iii) 0.5-x, 0.5-y, -z; (iv) -0.5+x, -0.5+y, z;  
(v) -0.5+x, 1+y, 0.5-z; (vi) -x, 1-y, -z; (vii) 0.5+x, 1+y, 0.5-z; (viii) 0.5-x, 2-y, 0.5+z;  
(ix) -x, 0.5-y, 0.5+z; (x) 0.5+x, 0.5+y, z; (xi) x, 0.5+y, 0.5-z; (xii) 0.5-x, 2-y, -0.5+z. 
 
 
B 
Bibliographic data 
 
 
Temperature of Measurement  100 K (room temperature) 
 
Ni(2) position assumed  Thermal Ellipsoidal Position (Cigar Shape) 
 
 
Creation method   SHELXL-97 
 
Crystal data
Formula sum Ba2 N2 Ni3
Formula weight 478.83 g/mol. 
Crystal system orthorhombic 
Space group C m c a (no. 64) 
Unit cell dimensions a = 712.55(18) pm 
 b = 1026.1(2) pm 
 c = 736.2(2) pm 
Cell volume 538.27 x 106 pm3 
Z 4 
Density, calculated 5.908 g/cm3 
RAll 0.021 
Pearson code oC28 
Formula type N2O2P3 
Wyckoff sequence f2eb 
 
Atomic coordinates
 
Atom Wyck. x y z 
Ba1 8f 0 0.16915(1) 0.09077(2)  
Ni1 8e 1/4 0.42508(3) 1/4  
Ni2 4b 0 1/2 0  
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N1 8f 0 0.4259(2) 0.2301(3)  
 
Anisotropic displacement parameters (in pm 2)
 
Atom U11 U22 U33 U12 U13 U23 
Ba1 043.9(8) 033.5(7) 026.8(7) 0 0 -3.5(4) 
Ni1 011.1(14) 049.1(14) 039.9(12) 0 0.6(10) 0 
Ni2 034.3(4) 039.0(2) 022.3(19) 0 0 6.1(16) 
N1 025.0(9) 072.0(9) 031.0(8) 0 0 1.0(6) 
 
Selected bond lengths (pm)
 
Ba1—N1i 282.3(2) Ni1—Ba1vi 322.5(1) 
Ba1—N1 282.7(2) Ni1—Ba1iii 322.5(1) 
Ba1—N1ii 282.9(2) Ni1—Ba1x 328.9(1) 
Ba1—Ni1ii 322.5(1) Ni1—Ba1xi 328.9(1) 
Ba1—Ni1iii 322.5(1) Ni1—Ba1viii 792.7(1) 
Ba1—Ni1iv 328.9(1) Ni2—N1 185.7(2) 
Ba1—Ni1i 328.9(1) Ni2—N1xii 185.7(2) 
Ba1—Ni1 338.3(1) Ni2—Ni1xii 267.4(0) 
Ba1—Ni1v 1306.2(3) Ni2—Ni1xiii 1132.3(2) 
Ba1—Ni2 346.0(1) Ni2—Ni1v 983.2(2) 
Ba1—Ni2vi 347.7(1) Ni2—Ba1xii 346.0(1) 
Ba1—Ba1vii 372.0(1) Ni2—Ba1xi 347.7(1) 
Ni1—N1viii 1042.4(3) Ni2—Ba1ii 347.7(1) 
Ni1—N1 178.7(0) N1—Ni1v 1040.7(3) 
Ni1—Ni2ix 1132.3(2) N1—Ba1xi 282.3(2) 
Ni1—Ni2 267.4(0) N1—Ba1vi 282.9(2) 
 
 
Selected bond angles (°)
 
N1i—Ba1—N1 130.88(6) Ba1iii—Ni1—Ba1x 69.63(0) 
N1i—Ba1—N1ii 97.68(6) N1viii—Ni1—Ba1xi 48.50(1) 
N1—Ba1—N1ii 131.44(6) N1—Ni1—Ba1xi 59.06(0) 
N1i—Ba1—Ni1ii 95.64(1) Ni2ix—Ni1—Ba1xi 44.41(0) 
N1—Ba1—Ni1ii 124.17(1) Ni2—Ni1—Ba1xi 70.47(0) 
N1ii—Ba1—Ni1ii 33.54(1) Ba1vi—Ni1—Ba1xi 69.63(0) 
N1i—Ba1—Ni1iii 95.64(1) Ba1iii—Ni1—Ba1xi 143.57(0) 
N1—Ba1—Ni1iii 124.17(1) Ba1x—Ni1—Ba1xi 80.83(0) 
N1ii—Ba1—Ni1iii 33.54(1) N1viii—Ni1—Ba1 149.28(0) 
Ni1ii—Ba1—Ni1iii 67.05(0) N1—Ni1—Ba1 56.66(0) 
N1i—Ba1—Ni1iv 32.89(1) Ni2ix—Ni1—Ba1 153.55(0) 
N1—Ba1—Ni1iv 125.46(1) Ni2—Ni1—Ba1 68.52(1) 
N1ii—Ba1—Ni1iv 94.13(0) Ba1vi—Ni1—Ba1 75.28(0) 
Ni1ii—Ba1—Ni1iv 75.51(0) Ba1iii—Ni1—Ba1 77.79(0) 
Ni1iii—Ba1—Ni1iv 110.37(0) Ba1x—Ni1—Ba1 138.83(1) 
N1i—Ba1—Ni1i 32.89(1) Ba1xi—Ni1—Ba1 115.43(1) 
N1—Ba1—Ni1i 125.46(1) N1viii—Ni1—Ba1viii 8.37(0) 
N1ii—Ba1—Ni1i 94.13(0) N1—Ni1—Ba1viii 103.39(1) 
Ni1ii—Ba1—Ni1i 110.37(0) Ni2ix—Ni1—Ba1viii 4.0() 
Ni1iii—Ba1—Ni1i 75.51(0) Ni2—Ni1—Ba1viii 88.54(0) 
Ni1iv—Ba1—Ni1i 65.58(0) Ba1vi—Ni1—Ba1viii 107.33(0) 
N1i—Ba1—Ni1 121.63(1) Ba1iii—Ni1—Ba1viii 106.24(0) 
N1—Ba1—Ni1 31.88(1) Ba1x—Ni1—Ba1viii 36.65(0) 
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N1ii—Ba1—Ni1 126.37(1) Ba1xi—Ni1—Ba1viii 48.37(0) 
Ni1ii—Ba1—Ni1 142.48(0) Ba1—Ni1—Ba1viii 156.53(0) 
Ni1iii—Ba1—Ni1 102.21(1) N1—Ni2—N1xii 180.00(8) 
Ni1iv—Ba1—Ni1 138.83(0) N1—Ni2—Ni1xii 138.21(1) 
Ni1i—Ba1—Ni1 100.51(1) N1xii—Ni2—Ni1xii 41.79(1) 
N1i—Ba1—Ni1v 146.14(2) N1—Ni2—Ni1 41.79(1) 
N1—Ba1—Ni1v 17.84(2) N1xii—Ni2—Ni1 138.21(1) 
N1ii—Ba1—Ni1v 115.11(1) Ni1xii—Ni2—Ni1 180.00(1) 
Ni1ii—Ba1—Ni1v 106.87(1) N1—Ni2—Ni1xiii 123.17(2) 
Ni1iii—Ba1—Ni1v 116.16(0) N1xii—Ni2—Ni1xiii 56.83(2) 
Ni1iv—Ba1—Ni1v 130.19(1) Ni1xii—Ni2—Ni1xiii 73.32(0) 
Ni1i—Ba1—Ni1v 142.47(0) Ni1—Ni2—Ni1xiii 106.68(1) 
Ni1—Ba1—Ni1v 43.52(0) N1—Ni2—Ni1v 102.98(1) 
N1i—Ba1—Ni2 163.29(4) N1xii—Ni2—Ni1v 77.02(1) 
N1—Ba1—Ni2 32.41(4) Ni1xii—Ni2—Ni1v 74.37(0) 
N1ii—Ba1—Ni2 99.03(4) Ni1—Ni2—Ni1v 105.63(0) 
Ni1ii—Ba1—Ni2 98.28(1) Ni1xiii—Ni2—Ni1v 28.17(0) 
Ni1iii—Ba1—Ni2 98.28(1) N1—Ni2—Ba1 54.69(6) 
Ni1iv—Ba1—Ni2 144.67(1) N1xii—Ni2—Ba1 125.31(6) 
Ni1i—Ba1—Ni2 144.67(1) Ni1xii—Ni2—Ba1 114.52(1) 
Ni1—Ba1—Ni2 45.99(0) Ni1—Ni2—Ba1 65.48(0) 
Ni1v—Ba1—Ni2 18.07(0) Ni1xiii—Ni2—Ba1 170.8() 
N1i—Ba1—Ni2vi 32.20(4) Ni1v—Ni2—Ba1 155.66(0) 
N1—Ba1—Ni2vi 98.67(4) N1—Ni2—Ba1xii 125.31(6) 
N1ii—Ba1—Ni2vi 129.88(4) N1xii—Ni2—Ba1xii 54.69(6) 
Ni1ii—Ba1—Ni2vi 121.62(0) Ni1xii—Ni2—Ba1xii 65.48(0) 
Ni1iii—Ba1—Ni2vi 121.62(0) Ni1—Ni2—Ba1xii 114.52(1) 
Ni1iv—Ba1—Ni2vi 46.46(0) Ni1xiii—Ni2—Ba1xii 9.2() 
Ni1i—Ba1—Ni2vi 46.46(0) Ni1v—Ni2—Ba1xii 24.34(0) 
Ni1—Ba1—Ni2vi 95.01(0) Ba1—Ni2—Ba1xii 179.99(1) 
Ni1v—Ba1—Ni2vi 114.5() N1—Ni2—Ba1xi 54.12(7) 
Ni2—Ba1—Ni2vi 131.08(1) N1xii—Ni2—Ba1xi 125.88(7) 
N1i—Ba1—Ba1vii 48.91(4) Ni1xii—Ni2—Ba1xi 116.93(0) 
N1—Ba1—Ba1vii 179.78(4) Ni1—Ni2—Ba1xi 63.07(0) 
N1ii—Ba1—Ba1vii 48.77(4) Ni1xiii—Ni2—Ba1xi 69.79(0) 
Ni1ii—Ba1—Ba1vii 56.0() Ni1v—Ni2—Ba1xi 49.9() 
Ni1iii—Ba1—Ba1vii 56.0() Ba1—Ni2—Ba1xi 108.81(0) 
Ni1iv—Ba1—Ba1vii 54.37(1) Ba1xii—Ni2—Ba1xi 71.19(0) 
Ni1i—Ba1—Ba1vii 54.37(1) N1—Ni2—Ba1ii 125.88(7) 
Ni1—Ba1—Ba1vii 148.10(1) N1xii—Ni2—Ba1ii 54.12(7) 
Ni1v—Ba1—Ba1vii 162.35(0) Ni1xii—Ni2—Ba1ii 63.07(0) 
Ni2—Ba1—Ba1vii 147.81(1) Ni1—Ni2—Ba1ii 116.93(0) 
Ni2vi—Ba1—Ba1vii 81.11(0) Ni1xiii—Ni2—Ba1ii 110.21(0) 
N1viii—Ni1—N1 99.60(1) Ni1v—Ni2—Ba1ii 130.1() 
N1viii—Ni1—Ni2ix 8.57(0) Ba1—Ni2—Ba1ii 71.19(0) 
N1—Ni1—Ni2ix 99.53(1) Ba1xii—Ni2—Ba1ii 108.81(0) 
N1viii—Ni1—Ni2 80.81(1) Ba1xi—Ni2—Ba1ii 180.0() 
N1—Ni1—Ni2 43.81(0) Ni1—N1—Ni1v 100.02(1) 
Ni2ix—Ni1—Ni2 86.37(0) Ni1—N1—Ni2 94.40(1) 
N1viii—Ni1—Ba1vi 112.26(0) Ni1v—N1—Ni2 67.01(1) 
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N1—Ni1—Ba1vi 60.97(0) Ni1—N1—Ba1xi 88.04(1) 
Ni2ix—Ni1—Ba1vi 104.62(0) Ni1v—N1—Ba1xi 28.64(1) 
Ni2—Ni1—Ba1vi 104.69(0) Ni2—N1—Ba1xi 93.68(8) 
N1viii—Ni1—Ba1iii 102.23(1) Ni1—N1—Ba1 91.45(1) 
N1—Ni1—Ba1iii 119.22(1) Ni1v—N1—Ba1 157.39(2) 
Ni2ix—Ni1—Ba1iii 109.36(0) Ni2—N1—Ba1 92.90(8) 
Ni2—Ni1—Ba1iii 85.34(0) Ba1xi—N1—Ba1 173.42(8) 
Ba1vi—Ni1—Ba1iii 145.11(0) Ni1—N1—Ba1vi 85.49(1) 
N1viii—Ni1—Ba1x 33.11(0) Ni1v—N1—Ba1vi 109.05(1) 
N1—Ni1—Ba1x 120.46(1) Ni2—N1—Ba1vi 176.00(11) 
Ni2ix—Ni1—Ba1x 39.74(0) Ba1xi—N1—Ba1vi 82.32(6) 
Ni2—Ni1—Ba1x 84.07(0) Ba1—N1—Ba1vi 91.10(6) 
Ba1vi—Ni1—Ba1x 143.57(0)  
 
Symmetry codes: 
(i) x, -0.5+y, 0.5-z; (ii) -x, 0.5-y, -0.5+z; (iii) 0.5-x, 0.5-y, -z; (iv) -0.5+x, -0.5+y, z;  
(v) -0.5+x, 1+y, 0.5-z; (vi) -x, 0.5-y, 0.5+z; (vii) -x, -y, -z; (viii) 0.5+x, 1+y, 0.5-z;  
(ix) 0.5-x, 2-y, 0.5+z; (x) 0.5+x, 0.5+y, z; (xi) x, 0.5+y, 0.5-z; (xii) -x, 1-y, -z;  
(xiii) 0.5-x, 2-y, -0.5+z.   
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